Energetic deposition of dielectric metal oxide coatings by Murdoch, B
  
 
 Energetic Deposition of Dielectric Metal Oxide Coatings 
 
 A thesis submitted in fulfilment of the requirements for the degree of Doctor of Philosophy 
 
 
Billy James Murdoch 
 
 Bachelor of Science (Physics)  
Bachelor of Science (Applied Sciences)(Honours) 
 
 
 
 
School of Applied Sciences 
College of Science Engineering and Health 
RMIT University 
 
March 2016 
 
 
  
 
 
Declaration 
 
I certify that except where due acknowledgement has been made, the work is that of the author alone; 
the work has not been submitted previously, in whole or in part, to qualify for any other academic 
award; the content of the thesisis the result of work which has been carried out since the official 
commencement date of the approved research program; any editorial work, paid or unpaid, carried 
out by a third party is acknowledged; and, ethics procedures and guidelines have been followed.  
Billy James Murdoch 
23/03/2016 
 
 
iii 
 
Acknowledgements 
Personal remarks 
I would like to thank my supervisors Dougal McCulloch and James Partridge for their guidance and support. 
Their assistance during my candidature has been invaluable, not only with each of the experiments and 
publications, but also the everyday advice they have imparted on me. In addition to helping me understand the 
finer points of electron microscopy and thin film deposition techniques, Dougal has led a group that I have 
thoroughly enjoyed working in.  
Jim’s wealth of knowledge of semiconductor device fabrication has inspired me to pursue avenues of research I 
did not expect to investigate at the commencement of the project. I have come to believe that he truly is the 
hardest working man in science.  
I would like to thank David Death, Paul Perry, Andrew Hind, Michael Bolles, Matt Wood-Collins and the 
research group, optical coating group and glass shop at Agilent Technologies. Without the encouragement and 
support from Agilent Technologies it is doubtful I would have commenced my PhD studies. 
A very special thank you goes to Don Swingler. His immeasurable wisdom helped to spark my interest in 
independent research. He has my thanks for teaching me all that I know about vacuum science. 
I would like to thank the amazing staff at the RMIT microscopy and microanalysis facility. Phil Francis, Peter 
Rummel, Matthew Field, Branco Cipreanu, Chatalia Dekiwadia, Edwin Mayes and my fellow duty 
microscopists have worked tirelessly to provide a high-class facility that has made this research project possible. 
My special thanks go to Phil Francis and Thomas Preuss for their encouragement, support and valuable advice.  
I would like to acknowledge the assistance of David McKenzie, Marcela Bilek and Rajesh Ganesan from 
Applied and Plasma Physics at The University of Sydney. They have provided valuable assistance in the 
preparation of samples and the writing of the publications included in this thesis. 
My thanks go to Skot and Shaun. It has been hard work at times keeping our house together as long as we did. 
I’ll forever appreciate that we were able to see it through. Thanks for 10+ years of good times and valuable 
distractions from work. 
iv 
 
My love and thanks go to Helina for putting up with me. I’m excited about the adventure we’re about to embark 
on together. 
Finally, my eternal gratitude goes to my parents, Phil and Aileen Murdoch. Thank you for 25 solid years of 
unwavering love and support.  
 
 
  
v 
 
 
Author publications 
1. Murdoch, B., McCulloch, D. & Partridge, J. Structural and dielectric properties of energetically 
deposited hafnium oxide films. Semiconductor Science and Technology 29, 125014 (2014).  
2.  Field, M. R., Murdoch, B. J., McCulloch, D. G. & Partridge, J. G. Ultraviolet detection from 
energetically deposited titania films. Applied Physics Letters 104, 131905, (2014).  
3. Alsaif, M. M. Y. A., Field, M, Murdoch, BJ, et al. Substoichiometric two-dimensional molybdenum 
oxide flakes: a plasmonic gas sensing platform. Nanoscale 6, 12780-12791, (2014). 
4. Murdoch, B. J. et al. Influence of nitrogen-related defects on optical and electrical behaviour in 
HfO2−xNx deposited by high-power impulse magnetron sputtering. Applied Physics Letters 107, 
112903, (2015). 
5. Mayes, E. L. H, Murdoch, BJ, et al. Co-deposition of band-gap tuned Zn 1− x Mg x O using high impulse 
power- and dc-magnetron sputtering. Journal of Physics D: Applied Physics 48, 135301 (2015). 
6.  Ganesan, R, Murdoch, BJ. et al. The role of pulse length in target poisoning during reactive HiPIMS: 
application to amorphous HfO2. Plasma Sources Science and Technology 24, 035015 (2015).  
7. Ganesan, R, Murdoch, BJ,  et al. Optimizing HiPIMS pressure for deposition of high-k (k= 18.3) 
amorphous HfO2. Appl. Surf. Sci. 365, 336-341 (2016). 
 
  
vi 
 
 
Table of contents 
Declaration ............................................................................................................................................................. ii 
Acknowledgements ............................................................................................................................................... iii 
Author publications ................................................................................................................................................ v 
Table of contents ................................................................................................................................................... vi 
Table of figures ...................................................................................................................................................... ix 
Abstract................................................................................................................................................................... 1 
Chapter 1. Introduction and literature review ......................................................................................................... 3 
1.1 Introduction ............................................................................................................................................... 3 
1.2 High-κ dielectrics ............................................................................................................................................. 5 
1.2.1 Hafnium Oxide .............................................................................................................................................. 7 
1.2.1.1 Thin film growth techniques ................................................................................................................... 8 
1.2.1.1.1 Chemical vapour deposition of HfO2 thin films .................................................................................. 9 
1.2.1.1.2 Physical vapour deposition of HfO2 thin films .................................................................................... 9 
1.2.1.1.3 Energetic physical vapour deposition of HfO2 thin films .................................................................. 10 
1.2.1.1.3.1 Deposition of HfO2 from a filtered cathodic vacuum arc ............................................................... 11 
1.2.1.1.3.2 Deposition of HfO2 by high power impulse magnetron sputtering. ................................................ 11 
1.2.1.1.4 Hafnium oxynitride thin films ........................................................................................................... 12 
1.2.2 Summary of hafnia-based high-κ dielectrics ............................................................................................... 13 
1.3 Memristors ...................................................................................................................................................... 14 
1.3.1 The role of dopants in memristive behaviour .......................................................................................... 15 
1.3.2 Activity-dependent plasticity in memristors ............................................................................................ 16 
1.3.3 Artificial neural networks ........................................................................................................................ 17 
vii 
 
1.3.4 Peripheral memristor devices ................................................................................................................... 19 
1.3.4.1 Selector devices .................................................................................................................................... 19 
1.3.4.2 Nanooscillators and Neuristors ............................................................................................................. 20 
1.3.5 Memristive materials ............................................................................................................................... 21 
1.3.5.1 Hafnium oxide ...................................................................................................................................... 21 
1.3.5.2 Zinc tin oxide ........................................................................................................................................ 21 
1.4 Energetic deposition methods ......................................................................................................................... 22 
1.4.1 Filtered cathodic vacuum arc ................................................................................................................... 22 
1.4.2 High power impulse magnetron sputtering .............................................................................................. 23 
1.5 Research rationale ........................................................................................................................................... 24 
1.6 Research Questions ......................................................................................................................................... 25 
1.7 Thesis outline .................................................................................................................................................. 26 
Chapter 2. Structural and dielectric properties of energetically deposited hafnium oxide films .......................... 27 
Chapter 3. Influence of nitrogen-related defects on optical and electrical behaviour in HfO2-xNx deposited by 
high-power impulse magnetron sputtering ........................................................................................................... 33 
Chapter 4. Memristor and selector devices fabricated from HfO2-xNx .................................................................. 38 
Chapter 5.  Synaptic plasticity and oscillation at ZTO/AgxO interfaces ............................................................... 44 
5.1 Synaptic plasticity and oscillation at ZTO/AgxO interfaces – Supplementary information ........................ 56 
Chapter 6. Discussion, conclusions and further work ........................................................................................... 64 
6.1 Structural and dielectric properties of energetically deposited hafnium oxide films .................................. 64 
6.2 Influence of nitrogen-related defects on optical and electrical behaviour in HfO2-xNx deposited by 
high-power impulse magnetron sputtering ....................................................................................................... 65 
6.3 Memristor and selector devices fabricated from HfO2-xNx ......................................................................... 66 
6.4 Synaptic plasticity and oscillation in metal oxide memristors .................................................................... 67 
6.5 Summary of hafnia deposition conditions, properties and devices ............................................................. 68 
viii 
 
6.6 Summary of memristive devices ................................................................................................................. 70 
6.7 Key areas of novelty and contributions to the field of research .................................................................. 71 
6.7.1 Optical and electrical characterisation of HfO2 deposited by FCVA ....................................................... 71 
6.7.2 Passivation of oxygen vacancies using N2 during reactive HiPIMS ........................................................ 71 
6.7.3 Nanoscale voltage oscillations and emulation of synaptic behaviour in ZTO/AgxO devices above room 
temperature ....................................................................................................................................................... 72 
6.8 Conclusion ...................................................................................................................................................... 72 
6.9 Future work .................................................................................................................................................... 73 
6.9.1 Characterisation of cross-bar arrays constructed from HiPIMS-deposited hafnia heterolayer 
selector/memory cells ....................................................................................................................................... 73 
6.9.2 Synthesis of advanced high activation energy memristive materials for ANNs ...................................... 73 
References ............................................................................................................................................................ 75 
Appendix I: The role of pulse length in target poisoning during reactive HiPIMS: application to amorphous 
HfO2 ...................................................................................................................................................................... 79 
Appendix II: Optimizing HiPIMS pressure for deposition of high-k (k= 18.3) amorphous HfO2........................ 88 
 
  
ix 
 
Table of figures 
 
Figure 1: Frequency dependence of the real dielectric function and polarisation mechanisms in the CMOS 
frequency window, re-plotted with data from
28
. ..................................................................................................... 6 
Figure 2: Unit cells of HfO2 compounds in order of temperature dependent phase changes. Dark circles indicate 
Hf atoms while the small, light circles indicate O atoms
49
. .................................................................................... 7 
Figure 3: The structure zone diagram, devised by Anders
73
, illustrating the dependence of film microstructure on 
thickness t
*
, temperature T
*
 and depositing flux energy E
*
. ................................................................................. 10 
Figure 4: Defect levels in hafnium oxide relative to the silicon and hafnium oxide bands. All values are stated in 
eV
91
. ...................................................................................................................................................................... 13 
Figure 5: The four fundamental-circuit elements and their mathematical definitions. Taken from
2
. ................... 14 
Figure 6: Simplified equivalent circuit diagram and physical memristor model showing an oxide layer of 
thickness D with internal state variable w corresponding to the thickness of a conductive doped layer. ............. 16 
Figure 7: Activation barriers for long-term depression (LTD), STP and LTP. Metastable transitions to higher 
energy states during STP lower the activation energy for conversion to LTP
102
. ................................................. 17 
Figure 8: 3-bit Hopfield network with partially biased memristors
25
. .................................................................. 20 
Figure 9: Schematic of the FCVA system used to deposit HfO2, ZTO and AgxO films. ...................................... 23 
Figure 10: Diagram of HiPIMS process. Ions and electrons follow the magnetic field lines during voltages 
pulses and sputter metallic ions and neutrals from the ‘racetrack’, which are then deposited on the substrate. ... 24 
  
1 
 
Abstract 
This thesis examines the optical and electronic properties of wide-bandgap metal oxides grown using energetic 
deposition methods. The films have also been incorporated in metal/oxide/metal devices for use as high-κ gate 
oxide materials and memristive devices. This study aimed to assess the potential advantages of energetic 
deposition methods compared to conventional physical vapour deposition techniques for depositing high quality 
dielectric thin films. In particular, the influence of dopants, native defects and impurities on the performance of 
optical and electrical devices incorporating energetically deposited metal oxides was explored 
Firstly, thin films of HfO2 were energetically deposited from a filtered cathodic vacuum arc (FCVA) at room 
temperature and found to exhibit higher density and significantly lower current leakage than HfO2 deposited by 
conventional, low energy physical vapour deposition techniques. Capacitance-voltage measurements performed 
on the FCVA HfO2 film revealed a low threshold voltage shift (ΔVFB = 0.60 V) corresponding to low fixed 
oxide charge density (8.3 × 10
11
 cm
−2
). A wide optical bandgap of 6.0 eV and high refractive index of >2.1 in 
the visible spectrum were also observed. The excellent optical and electrical properties of the FCVA deposited 
HfO2 are attributed to film densification caused by the energetic depositing flux. 
Secondly, HfO2-xNx films were energetically deposited by high-power impulse magnetron sputtering (HiPIMS). 
The passivation of oxygen vacancies (Ov) defects by nitrogen and local bonding of the resultant films was 
investigated by X-ray absorption spectroscopy (XAS). It was found that Ov densities in HfO2-xNx films decrease 
with increasing N2 partial pressure during deposition. Passivation was achieved by atomic nitrogen substitution 
and N2 interstitials at the Ov site. The incorporation of low mobility interstitial species inhibited crystallisation. 
These effects combine to greatly reduce electron leakage paths in the films resulting in high breakdown 
strengths. The refractive indices of HfO2-xNx films were found to be dependent on N2 pressure during 
deposition. Increases in the refractive index were attributed to high densities of N2 interstitials. The substitution 
of atomic nitrogen for Ov did not significantly reduce the optical bandgap, allowing sufficient band offsets for 
the HfO2-xNx films to be used as an effective gate dielectric. 
The resistive switching mechanisms in memristors formed on monoclinic HfO2 and HfO1.86N0.14 films deposited 
by HiPIMS were investigated. Gradual conductance modulation, short-term plasticity (STP) and long-term 
potentiation (LTP) were implemented in HfO2 memristors with high Ov densities using voltage-spike 
stimulation, suggesting suitability for electronic synaptic applications. The switching dynamics of the HfO2 
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memristor were explained by the interactions of Ov with grain boundaries. The passivation of Ov defects by 
nitrogen in the HfO1.86N0.14 film was confirmed by XAS. The HfO1.86N0.14 memristor exhibited threshold 
switching and current-controlled negative differential resistance (CC-NDR). Numerical modeling showed this 
behaviour to be Joule heating-induced. These findings suggest simple bilayer selector/memory cells could be 
fabricated from hafnia heterolayers. 
Lastly, the neuronal properties of a zinc tin oxide/silver oxide memristor fabricated by FCVA were 
demonstrated. STP, LTP and spike-timing dependent plasticity learning/memory functions have been described 
and explained by Ag
+
/O
-
 electromigration across a dielectric interfacial layer. Importantly, CC-NDR induced 
oscillations were observed in the same device above room temperature. This discovery paves the way for 
transistor-free neuromorphic architectures based solely on memristors, thereby enabling the next generation of 
non-von Neumann computing architectures. 
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Chapter 1. Introduction and literature review 
1.1 Introduction 
Wide-bandgap transition metal oxide materials such as HfO2, TiO2 and ZnO find application in the form of 
dielectric thin films in many devices including memristors
1-3
, biosensors
4
 and gas sensors
5
. However, since the 
invention of silicon-based transistors, one of the most significant advancements in the use of dielectric layers, 
and indeed in materials science, has been the development of CMOS transistors incorporating high-κ 
dielectrics
6
.  
High-κ dielectric metal oxides are also suitable for many optical applications due to their high refractive indices, 
high laser damage threshold and broad spectral range
7
. HfO2, especially, is an attractive material for UV-Visible 
region interference filters
8,9
 and low-loss photonic circuit elements
10
.  
This thesis examines the optical and electronic properties of wide-bandgap metal oxides grown using energetic 
deposition methods. The influence of dopants, native defects and impurities on the performance of optical and 
electrical devices incorporating energetically deposited metal oxides is explored. The advantages of using 
energetic deposition methods over conventional, low-energy deposition methods are presented and discussed. 
The materials, devices and methods outlined in this thesis may replace or be incorporated into existing 
technologies employing dielectric and wide-bandgap thin films such as gate insulators in complimentary metal-
oxide-semiconductor (CMOS) transistors and high refractive index layers in optical interference filters. The 
advanced materials developed in this work may also contribute to emerging fields including flexible electronics 
and hardware-implemented beyond-von Neumann computing applications.  
In 1965, Gordon E. Moore, founder of Intel, described the projected rate of growth of computer processing 
power
11
. He observed the emerging trend that the number of transistors on a CPU appeared to be doubling every 
two years on average. The majority of improvements in processor speeds can be directly linked to 
miniaturisation of device features. A major milestone in the miniaturisation of integrated circuits (ICs) was the 
development of deep UV excimer laser lithography, which has allowed a reduction in device features to less 
than 30nm
12
. Ultra-large scale integration circuits saw the number of transistors on a single chip grow to over 1 
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billion by the year 2010. However, the rapid downscaling of devices has necessitated the replacement of SiO2 
gate oxides in CMOS transistors. Quantum mechanical tunnelling of electrons through SiO2 results in 
unacceptably high leakage currents at the fundamental thickness limit of ~1.2nm
13
. In order to overcome this 
limitation, the implementation of gate materials with high dielectric constants (when compared with SiO2) at 
high frequencies (GHz range for CMOS transistors) has emerged as a major strategy to allow further 
miniaturisation of ICs. In addition to a high static dielectric constant κ (which is ideally between 10 and 30), 
promising materials are required to have high bandgap energies Eg, electrical breakdown field strengths and a 
sufficient band offset with Si (or another semiconductor substrate) to minimise carrier injection. These 
requirements have significantly narrowed the field of considered materials to a few transition metal oxides.  
The downscaling of nano-electronic devices by the implementation of high-κ materials is by no means the only 
proposed strategy for maintaining the trajectory of processing speeds described by Moore. Major performance 
gains stand to be made through the development of transistor-less processors and non-von Neumann computing 
architectures. While modern computers are now able to simulate the cortical processes of a few intelligent 
animals, including cats and mice
14,15
, these require enormous amounts of energy and memory. By contrast, the 
equivalent calculations in biological systems are extremely energy efficient
16
 – or in other words, modern digital 
computing architectures are far from optimised. The high energy efficiency of biological systems is due to the 
large connectivity between neurons, which facilitates powerful local and parallel processing
16
. Neurons combine 
information processing and storage in a way that avoids the bottlenecks that plague conventional computing 
using the von Neumann architecture. Several neuromorphic computing projects have attempted to create 
artificial neural networks using analogue very large scale integration circuits based on existing silicon CMOS 
technology. These include IBM’s SyNAPSE17, Heidelberg University’s HiCANN18 and Stanford’s Neurogrid19. 
However, being comprised of transistors, these designs are destined to reach the same aforementioned scaling 
ceilings. On the other hand, memristors naturally mimic the learning and memory functions of biological 
synapse while being amenable to extremely high-density integration
2,20
.  
First predicted in 1971 by Leon Chua, memristors are two-terminal electronic devices, typically comprised of 
metal/dielectric/metal stacks and have been described as the fourth fundamental circuit element
21
. Their 
conductance can be incrementally altered, similar to biological synapses, by controlling the charge flux through 
the device
2
. There are numerous attractions of memristors including their scalability and low power 
consumption, but perhaps most interesting is their ability to behave as primary logic circuit components. Where 
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the conductance is treated as a logical state (ie, high conductance equals 1, low conductance equals 0), 
memristors can form the input, output and computational logic element at different stages of the computation 
process
22
. This allows memory to be stored on the same devices that perform logical operations, which naturally 
eliminates the von Neumann bottleneck. 
Memristors, like biological synapses, also exhibit activity-dependent plasticity
23
, which allows for spike-based 
learning (both supervised and unsupervised) in non-volatile memristor arrays. In biological neurons, synaptic 
weight changes according to axon action potential activity - voltage spikes travelling along the axon that are 
triggered by the discharging of a polarised membrane in the cell body. All-or-nothing spike based programming 
has been achieved in hybrid memristor/CMOS neuron circuits using existing Si-based ‘integrate and fire’ 
neuron devices
24,25
. Due to the mathematical equivalence of biological axons in the Hodgkin-Huxley model
26
 
and two memristors, spike-generation has recently been able to be demonstrated in neuristors built with two 
Mott memristors
27
. Further development of this technology is expected to allow the realisation of transistor-less 
neuromorphic computing architectures. 
1.2 High-κ dielectrics 
The search for gate oxides which have replaced SiO2 in CMOS transistors initially focused on the high 
frequency κ of the materials. The suitability of dielectric materials for electronic applications depends on the 
required capacitance (Cox), the frequency of the application (f), the tolerable current leakage (J) and the applied 
voltage (V). In CMOS transistors, the magnitude of the ‘on’ current (Ion), which flows between source and drain, 
scales with Cox. A high Ion current is desirable for maximising circuit speed. Large capacitances are easy to 
obtain for low-frequency applications because interfacial and dipolar polarization mechanisms contribute to κ. 
However, at GHz frequencies ionic and electronic polarization dominates (Fig. 1) which causes a large dielectric 
response from high atomic number elements (and hence large number of electrons) in ionically bonded 
ceramics. This makes transition metal oxides containing heavy metals ideal gate oxides. 
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Figure 1: Frequency dependence of the real dielectric function and polarisation mechanisms in the CMOS frequency 
window, re-plotted with data from28. 
 
There are a few materials systems that are able to satisfy the high-κ, Eg, breakdown field strength Ebd and 
sufficient barrier heights in contact with silicon requirements in order to be a viable replacement for SiO2. Rare 
earth oxides, such as LaScO3 and DyScO3, Ta2O5 and Group IV-B metal oxides TiO2, ZrO2 and HfO2 all satisfy 
the above criteria
6
. Amongst binary metal oxides (see table I), HfO2 has attracted the most interest. TiO2, while 
possessing very high static κ, has a comparatively small bandgap and is particularly susceptible to oxygen 
deficiency due to its multiple possible oxidation states
29-31
, which lead to current leakage. ZrO2 and Ta2O5 are 
reportedly thermally unstable when in contact with Si
32,33
, despite exhibiting sufficient bandgaps, dielectric 
constants and breakdown field strengths (see table I). HfO2 exhibits a bandgap >5 eV, κ > 10, very high 
breakdown field strength, large barriers heights at interfaces with Si (>1eV) and leakage currents that are several 
orders of magnitude lower compared to SiO2
6
. These characteristics have ensured that HfO2 has been 
aggressively pursued as a replacement for SiO2, leading to its adoption by Intel in 2007. 
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Table I: Comparison of Eg, Ebd and κ in high-κ dielectric transition metal oxides 
 HfO2 ZrO2 TiO2 Ta2O5 
Eg (eV) 5.5 - 6.0 5.0 - 7.0 3.0 - 3.5 4.4 
κ 22 - 25 22 - 24 80 - 110 22-24 
Ebd (MV/cm) 3.9 – 6.3 3.3 – 5.7 1.4 – 2.5 1-5.4 
Refs 
34-36
 
37-42
 
43-45
 
46,47
 
 
1.2.1 Hafnium Oxide 
Hafnium oxide exhibits a wide bandgap, high refractive index, high laser damage threshold and chemical 
resistance, making it, aside from a viable replacement for SiO2 as a gate oxide, an important material for many 
potential optical applications. Three common stable phases of HfO2 exist at atmospheric pressure (see Fig. 2): 
the low temperature monoclinic phase (space group P21/c), the moderate temperature (>2000 K) tetragonal 
phase (P42/nmc), and the high temperature forming (>2870 K) cubic phase (Fm3m). The most common stable 
phase of HfO2 observed in thin films is the monoclinic phase, although mixed phases including cubic and 
tetragonal HfO2 crystallites are sometimes observed due to interface strains
48
. Generally, when hafnium bonds to 
oxygen it becomes seven-fold coordinated. Oxygen sites are either three-fold or four-fold coordinated
48
.  
 
Figure 2: Unit cells of HfO2 compounds in order of temperature dependent phase changes. Dark circles indicate Hf 
atoms while the small, light circles indicate O atoms49. 
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The crystal structure is critical in determining the optical and electronic properties of thin hafnium oxide films. 
In addition to variation in the refractive indices and Eg between different crystallographic phases
49
, extended 
defects, such as grain boundaries, in polycrystalline films accumulate large concentrations of oxygen 
vacancies
50
. Oxygen vacancies in dielectric films can establish percolation paths for electron tunnelling leading 
to high leakage currents. In wide optical bandgap materials, including HfO2, oxygen vacancies form defect 
levels below the conduction band. These defects give rise to absorption in optical filters and waveguides. It is 
therefore ideal to deposit either single crystalline films or completely amorphous films for optical and electronic 
applications. 
1.2.1.1 Thin film growth techniques 
The properties of HfO2 films deposited by chemical vapour deposition (CVD) and physical vapour deposition 
(PVD) have been widely reported
6
. Typically, when employing low deposition temperatures, lower current-
leakage is measured through HfO2 grown by atomic layer deposition (ALD). Charge trapping in HfO2 increases 
with crystallization
51
 which in most PVD methods, occurs as the deposition temperature increases. For optical 
applications, such as dielectric mirrors and filters that involve many layers of differing composition on non-
native substrates, low temperature deposition is also likely to be favoured to ensure amorphous and homogenous 
layers. Amorphous HfO2 could also play an important role in the emerging field of flexible electronics (based on 
plastics and amorphous oxides
52
) but for this potential to be fulfilled, it must be possible to deposit high quality 
a-HfO2 films at low temperatures. For Si-based CMOS devices however, amorphous hafnia-based compounds 
must also be able to withstand large post-deposition annealing (PDA) temperatures (~1000 K). PDA steps, 
involved in processing most devices, will result in crystallisation of HfO2 at relatively low temperatures 
(>400
o
C).  
One strategy to achieve stability of the amorphous phase in hafnia-based dielectric films is to alloy with a glass 
forming compound
6
. Alloys of HfO2 with SiO2, Al2O3 or hafnium oxide complexes such as hafnium oxynitride 
tend to exhibit lower dielectric constants when employed as gate dielectrics
6,53
. These complexes do provide 
counterbalancing benefits, often acting as oxygen diffusion barriers that protect the Si surface from oxidation. 
SiO2 interfacial layers reduce the maximum attainable capacitance of the gate layer
53
. Interfacial layers also 
result in threshold voltage shifts in CMOS transistors due to the introduction of dipoles
54
. 
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1.2.1.1.1 Chemical vapour deposition of HfO2 thin films 
Growth of high quality HfO2 thin films has been reported using metal organic chemical vapour deposition 
(MOCVD)
55-58
. The growth of oxides using this technique relies on the thermal decomposition of precursor 
gases such as metal halides (HfCl4 and HfI4) or alkloxides (Hf(O
t
Bu)4). Benefits of MOCVD include deposition 
of HfO2 over large substrate areas, good compositional uniformity and conformal film growth on three 
dimensional substrates. The thermal dependence results in negligible growth of HfO2 at low substrate 
temperatures (~350
o
C). Growth rates have been reported to peak at temperatures 500
o
C – 550oC which 
corresponds to diffusion-controlled growth of oxides from fully decomposed precursors
55,59
. However, films 
grown at these temperatures tend to exhibit polycrystalline monoclinic microstructures. Plasma-enhanced 
MOCVD has been used to aid decomposition of precursors during the preparation of thin HfO2 films
60
. The use 
of oxygen plasma has also been reported to reduce C atom contamination of MOCVD grown HfO2
61
. Leakage 
currents as low as ~10
-6
 A/cm
2
 for an effective oxide thickness (EOT) of 1.4nm at -1V bias and dielectric 
constants of 23-25 have been reported
61
. 
Atomic layer deposition (ALD), a similar deposition technique to MOCVD, has emerged as the preferred 
method for deposition of high-κ dielectrics among industrial scale manufacturers of CMOS devices62. ALD 
differs from MOCVD in that short bursts of precursor gases are separated by inert gas purges in order to remove 
volatile byproducts and prevent gas-phase reactions
63
. This process has the major inherent disadvantage of 
severely limiting the achievable deposition rates. Despite the limited throughput and associated increases in 
manufacturing costs compared to other deposition techniques, ALD does allow control of film thickness and 
composition down to an atomic level as well as improved control of dopant levels. The result is extremely low 
leakage current densities (~10
-9
 A/cm
2
 for EOT of 0.5nm at -1.5V bias)
64
. 
 
1.2.1.1.2 Physical vapour deposition of HfO2 thin films 
HfO2 thin films have been deposited from metallic Hf targets by reactive physical sputtering techniques in 
oxygen ambients, including ion beam sputtering
65
 and direct current (DC) magnetron sputtering
66-68
. HfO2 may 
also be deposited non-reactively from ceramic HfO2 targets using radio frequency (RF) magnetron sputtering
69-
71
. PVD thin film growth techniques are desirable due to their low contamination levels, capability to deposit of 
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large substrate areas with high deposition rates and relative simplicity. Another advantage is the ability to 
achieve all of these qualities at low deposition temperatures, producing amorphous films. 
Contrasting with PVD techniques that attempt to grow amorphous HfO2 films is molecular beam epitaxy 
(MBE). MBE is a thin film growth technique that uses slow and precise evaporation of HfO2 or Hf in an oxygen 
ambient to produce single or large crystal films. MBE deposition of HfO2 is scarcely reported because of the 
extremely slow deposition rates
6
. However, dielectric constants of 20 and leakage current densities comparable 
to those achieved in MOCVD have been reported
72
. 
1.2.1.1.3 Energetic physical vapour deposition of HfO2 thin films 
Energetic PVD techniques, such as pulsed laser deposition (PLD), filtered cathodic vacuum arc (FCVA) and 
high power impulse magnetron sputtering (HiPIMS), all produce depositing fluxes that are partially ionised. The 
energy and trajectory of the ionised species can be controlled through the application of magnetic and 
electrostatic fields. Commonly, this simply involves biasing the substrate.  
The advantage of energetic deposition methods over conventional low-energy PVD methods is outlined in the 
structure zone diagram proposed by Andre Anders
73
 (Fig. 3). Increasing the energy of the depositing flux at low 
temperatures enables access to a region of dense, amorphous thin film growth that is highly desirable for high-κ 
materials. 
 
Figure 3: The structure zone diagram, devised by Anders73, illustrating the dependence of film microstructure on 
thickness t*, temperature T* and depositing flux energy E*. 
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In PLD, high intensity laser pulses are used to ablate a target material in vacuum. PLD has been utilised to 
deposit high quality, stoichiometric HfO2 films while maintaining high deposition rates
74-76
. Leakage current 
densities of ~10
-8
 A/cm
2
 for films of EOT 7.4nm at a bias of -1.5V have been achieved, which is lower than 
those observed for other PVD techniques, and dielectric constants of up to 24 have been measured
77
. Although 
PLD is considered to be an energetic deposition method, the degree of ionisation of the depositing flux is 
significantly lower than for FCVA or HiPIMS.  
1.2.1.1.3.1 Deposition of HfO2 from a filtered cathodic vacuum arc 
 Very few studies exist on the deposition of HfO2 from a FCVA. Field et al. reported on the synthesis of HfO2 as 
a function of substrate bias and Ar/O2 ratios during deposition
78
. At high bias (>-400V), a large amount of 
surface damage occurred as a result of localised breakdown events during deposition. Films deposited at low (-
100V) or floating bias were found to be predominantly amorphous. The relationship between microstructure and 
electrical breakdown in HfO2 deposited by FCVA has also been studied
79
. HfO2 was synthesised at a range of 
substrate temperatures. Films deposited >200
o
C exhibited monoclinic microstructures, while films deposited 
>400
o
C displayed evidence of the tetragonal phase. The crystallisation was found to have an extremely 
deleterious effect on the breakdown electric field strength of the coatings. However, HfO2 deposited at room 
temperature was found to be highly disordered and a leakage current density of ~10
-6
 A/cm
2
 was measured at 
electric field strength of 0.8 MV/cm. Despite this work and the promising breakdown electric field strength of 
the disordered material, the optical properties and dielectric constant of HfO2 thin films deposited by FCVA 
have never been reported or examined. 
 
1.2.1.1.3.2 Deposition of HfO2 by high power impulse magnetron sputtering. 
In HiPIMS, a high fraction of sputtered species are ionised by creating dense plasma while maintaining average 
power at a moderate level to avoid target heating. The degree of ionisation of the target material is an important 
parameter of HiPIMS and can be exploited to obtain high quality metal oxide films with controllable material 
properties such as density and crystallinity
73
. While high-κ thin films can be deposited by RF magnetron 
sputtering, these systems are difficult to scale up for commercial applications
80
. Reactive DC magnetron 
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sputtering is preferred commercially but suffers from target poisoning
81
, effects of which include reduced 
sputter yield and arcing across the surface oxide layer on the target.  Pulse length is an important parameter in 
HiPIMS and may be tuned to maintain non-poisoned operation during deposition
82
. 
Since HiPIMS is an emerging energetic PVD technique, literature on the deposition of HfO2 thin films was 
limited to a single study at the commencement of this project. Sarakinos et al reported on the phase formation of 
HfO2 by HiPIMS, varying the target voltage and O2 partial pressures
83
. It was found that the formation of cubic 
and/or tetragonal crystal structures were favoured in the presence of O vacancies. The optical and electrical 
characteristics of the films were not examined. Recently, the synthesis of high refractive index (~2.1), high 
transparency (k < 0.6 x 10
-3
 at 550nm) and high hardness (up to 18 GPa) HfO2 by HiPIMS has been reported
84
. 
At moderate substrate temperatures (~150
o
C) the monoclinic HfO2 crystal structure was observed. The absence 
of literature available concerning the deposition of HfO2 by HiPIMS, especially with regard to electrical 
characterisation, motivated the investigations in this thesis. 
1.2.1.1.4 Hafnium oxynitride thin films 
The incorporation of nitrogen into HfO2 reportedly results in higher crystallisation temperatures
85
, higher 
refractive indices
86
 and provides a diffusion barrier for oxygen, suppressing interfacial layer growth
87
. However, 
some studies also suggest that hafnium oxynitride thin films have a lower bandgap (3.0eV – 4.6eV depending on 
N at%.)
88
 and lower band offsets in contact with silicon (1.1eV – 1.3eV)89 when compared to HfO2. Generally, 
reduced band offsets are undesirable as this can promote leakage within CMOS structures. However, it has also 
been shown that nitrogen can be added either during deposition or during PDA to passivate oxygen vacancies in 
hafnium oxide leading to lower leakage current densities
90
, providing an overriding advantage. As shown in Fig. 
4, there are several nitrogen-related defects that can form within hafnium oxide and at O vacancy sites, each at 
different energy levels within the bandgap. While this predicts that many N-based species will incorporate into 
O vacancies, the process is diffusion limited suggesting that more mobile atomic nitrogen is likely to be more 
successful in passivating these defects
91
. 
Hafnium oxynitride thin films have been synthesized by PDA in NH3
92
, which was shown to reduce current 
leakage, flatband voltage shift and hysteresis in Capacitance-Voltage characteristics. Surface nitridation of Si by 
NH3 prior to HfO2 deposition helps to reduce the interfacial oxide layer thickness, resulting in lower leakage 
currents and improved flatband voltage stability
90
. PECVD deposition of HfOxNy showed significantly reduced 
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current leakage compared to pure HfO2. When PECVD HfOxNy and HfO2 films were annealed in O2 at 500
o
C, 
current leakage was determined to be 8.83 x 10
-10
 and 6.61 x 10
-8
 A/cm
2
, respectively at -1V
93
.  The density and 
refractive index of HfOxNy synthesised by reactive DC magnetron sputtering increases proportionally to N2 
pressure during deposition
94
. Nitridation of RF magnetron sputtered HfO2 has been achieved by depositing in a 
reactive Ar/N2 ambient
95
. It was reported that nitridation increases the effective dielectric constant, though these 
values were much lower than is commonly observed (~5-7). Increases in flatband voltage shift and hysteresis 
were also observed in these films. Oxidation of HfN by PDA in O2 has also been performed
85
. These films 
exhibited one of the highest reported dielectric constants for hafnium oxynitride (κ = 21). Despite the reported 
performance enhancements offered by hafnium oxynitride compared to HfO2, there are no reports of hafnium 
oxynitride prepared by an energetic physical vapour deposition method. 
 
Figure 4: Defect levels in hafnium oxide relative to the silicon and hafnium oxide bands. All values are stated in eV91. 
1.2.2 Summary of hafnia-based high-κ dielectrics 
Possessing a dielectric constant between 16 and 30, an optical bandgap exceeding 5.7 eV, band-offsets with Si 
above 1.4 eV and higher thermodynamic stability (when in contact with Si) compared with other high-k 
materials
6
, HfO2 is a viable replacement for SiO2 as the gate insulator in complementary metal-oxide-
semiconductor (CMOS) transistors. Due to the high current leakage and charge trapping caused by segregation 
of Ov towards grain boundaries in polycrystalline HfO2, there is the need for development of techniques that (i) 
produce thin HfO2 films with an amorphous microstructure and (ii) reduce the density of Ov. Despite the high 
quality of HfO2 deposited by ALD, the capability of energetic physical vapour deposition methods to access a 
region of dense, amorphous film growth without suffering from extremely low deposition rates motivates the 
continued development of these technologies for HfO2 growth. This is encouraged by the low current leakage 
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and high-κ of HfO2 deposited by PLD despite of the lower degree of ionised flux produced compared to either 
FCVA or HiPIMS. 
There are also significant performance advantages reported for devices incorporating hafnium oxynitride 
dielectrics. The enhanced thermodynamic stability and reduced Ov densities observed in HfOxNy films address 
both requirements (i) & (ii), however, the values of threshold voltage shift, dielectric constant and current 
leakage appear to vary between synthesis techniques. 
1.3 Memristors 
In circuit theory, there are four fundamental circuit variables – voltage v, current I, charge q and magnetic flux. 
These variables have been used to define the well-understood relationships of resistors (dv = RdI), capacitors 
(dq = Cdv) and inductors (d = LdI) where R, C and L are resistance, capacitance and inductance, respectively. 
Knowing from Faraday’s Law that d = vdt and also that dq = Idt, In 1971, Chua surmised that there must be a 
fourth fundamental two-terminal circuit element, which he called a memristor, defined by d = Mdq where M is 
memristance (see Fig. 5). It took until 2008, when a physical model of the memristor was developed by 
investigators at Hewlett Packard’s Palo Alto research labs, for this equation to be adopted as an explanation of 
the hysteretic current-voltage characteristics observed in many nanoscale devices
2
. 
 
Figure 5: The four fundamental-circuit elements and their mathematical definitions. Taken from2. 
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The hp model builds upon Chua’s initial model which describes a system where the generalized resistance R is 
dependent on an internal state variable w that is equivalent to the width of a low resistance doped layer.  
𝑣 = 𝑅 𝑤, 𝐼 𝐼        (1) 
𝑑𝑤
𝑑𝑡
= 𝑓(𝑤, 𝐼)       (2) 
They considered a thin metal-oxide film of thickness D in a stack between two metal contacts (see Fig. 6). The 
total resistance of the device is equal to the resistance of a dopant-free layer Roff and the resistance of the doped 
layer Ron, which are considered to be two variable resistors in series. The bias dependent Ohmic conductance 
model becomes, 
𝑣 𝑡 =  𝑅𝑜𝑛
𝑤 𝑡 
𝐷
+ 𝑅𝑜𝑓𝑓  1 −
𝑤 𝑡 
𝐷
  𝐼 𝑡     (3) 
𝑑𝑤 (𝑡)
𝑑𝑡
= 𝜇𝑣
𝑅𝑜𝑛
𝐷
𝐼(𝑡)        (4) 
where μv is the average ion mobility. Which yields, 
𝑤 𝑡 =  𝜇𝑣
𝑅𝑜𝑛
𝐷
𝑞(𝑡)       (5) 
and inserting (5) into (3), 
𝑀 𝑞 =  𝑅𝑜𝑓𝑓  1 −
𝜇𝑣𝑅𝑜𝑛
𝐷2
𝑞 𝑡       (6) 
Aside from providing an explanation of hysteretic I-v behaviour due to the motion of charged dopants, this 
equation highlights the importance of considering memristance in nanoelectronic devices due to the 1/D
2
 term.  
 
1.3.1 The role of dopants in memristive behaviour 
As with high-κ materials, charged dopants (or native defects) in memristors are responsible for facilitating 
increases in conductivity
96,97
. In the hp model, w is analogous to charge density (though it is the ‘thickness’ of 
this layer that is altered – see Fig. 6). The modulation of conductance that is often observed is due to the q(t) 
dependence of w (according to equation (5)). In other words the defect density in a volume of the active layer of 
the memristor may be altered simply by passing a current through the device. 
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Figure 6: Simplified equivalent circuit diagram and physical memristor model showing an oxide layer of thickness D 
with internal state variable w corresponding to the thickness of a conductive doped layer. 
 
Direct observation of charged dopant migration has been reported. In one study, planar SiO2 devices with active 
Ag electrodes have been deposited onto Si3N4 membranes for memristor operation within a transmission 
electron microscope (TEM)
97
. Ag filaments were observed migrating across the dielectric SiO2 layer under bias 
stress in situ. Similar behaviour has been observed using Ag electrodes with a-Si dielectrics
97
. In tantalum oxide, 
a high-κ metal oxide material, conducting filament growth facilitated by oxygen vacancy migration has been 
observed
96
. Several publications also report similar observations using scanning transmission X-ray microscopy 
(STXM)
98,99
.  
While the defect density can be altered according to the charge flux, the range of available densities will be 
determined by material system and fabrication process. In practice, w will also be dependent on a range of 
external factors such as temperature
98
. Mott insulators are a special case of memristive material that exhibit 
threshold switching when used as active layers in two-terminal devices
27
. This is thought to occur due to 
reversible insulator-to-metal phase transitions that are caused by current-induced Joule heating. These types of 
material are not reliant on high defect densities to facilitate conduction but are still well modelled using 
memristor formalism proposed by Chua
21
. In such devices, when w is close to 0, or D a high threshold potential 
is necessary to induce the switch, making the process essentially binary. 
1.3.2 Activity-dependent plasticity in memristors 
Inorganic memristive devices obey several of the learning rules devised from the behaviour of biological 
synapses. Perhaps the most well known of these are the Hebbian learning rules
100
, which were devised in 1949 
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as an explanation for the increase in synaptic efficacy due to repeated stimulation. The most commonly 
observed rule is the anti-symmetric Hebbian rule
23
. The rule states that synaptic weight is a function of the time 
delay between the firing of pre- and post-synapses. The temporal order of firing also determines the polarity of 
the change. This is one form of spike-timing dependent plasticity (STDP). In memristors, the pre- and post-
synaptic pulses are applied voltages at the top electrode and bottom electrode, respectively. The synaptic weight 
is considered to be the biological analogue of conductance.  
Additionally, several memristive devices have been reported to exhibit both short term memory, through the 
process of short-term plasticity (STP), and long-term memory by long-term potentiation (LTP)
101,102
. STP 
results when low frequency stimuli (voltage pulses) are applied, causing a change in conductivity that decays to 
the original value in a short time period. STP can be converted to LTP by the repeated application of stimuli at a 
higher repetition rate. The decay time for LTP may range from several hours to years
101
. LTP results in stable 
percolation paths for electronic conduction. In order for LTP to occur in memristors a minimum required 
activation barrier for dopant diffusion must be exceeded otherwise a volatile response will be temporally 
induced
101,102
. However, the activation barrier is dependent on the device history. The modulation of the 
conductance with successive identical voltage pulses results in the lowering of the barrier as dopants are 
promoted to higher energy metastable states (Fig. 7).  
 
Figure 7: Activation barriers for long-term depression (LTD), STP and LTP. Metastable transitions to higher energy 
states during STP lower the activation energy for conversion to LTP102. 
 
1.3.3 Artificial neural networks 
Artificial neural networks (ANNs) are biologically-inspired systems intended to allow cognitive machine 
learning
103. ANNs store memory in synapses as ‘weights’, which are used to manipulate data during 
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calculations. A particular strength of ANNs is their ability to approximate non-linear functions of their inputs, 
for example by computing non-linear weighted sums of the form 
𝑦 = 𝑠𝑖𝑔𝑛( 𝜔𝑖𝑁𝑖 − 𝑖 )      (7) 
 where y is the output, Ni are the inputs, ωi are the synaptic weights and  is the neuron’s threshold
25
. 
Historically, the processing of ANN algorithms has occurred using conventional computers, which lack the 
speed to handle a large number of inputs. For example, to simulate the cortical functions of a cat at 1/87
th
 of the 
usual firing rate required the computing power of Blue Gene/P (BG/P), a super computer equipped with 147 456 
CPUs and 144 TB of main memory
17
. The lack of efficiency is due to the von Neumann architecture used in 
conventional digital computers, which is a dissimilar architecture to a brain. Neural networks require high 
connectivity and local processing of information. In order to realise highly efficient, high speed cognitive 
processing in computers, the hardware must be reconfigured to enhance connectivity between devices and, 
ideally, employ devices whose electrical characteristics mimic those of a synapse. Memristors are well suited for 
this purpose due to their ability to emulate many synaptic functions. 
A simple form of ANN that has been implemented using memristor arrays is the Hopfield network
104
. 
Introduced in 1982 by John Hopfield, they are a form of recurrent ANN that have been credited with 
repopularising ANNs after research stagnated in the 1970s due to computing power limitations. Hopfield 
networks take the form of a symmetric (ωij = ωji) matrix of synapses. Updates are achieved via eqn. (7), 
resulting in binary outputs that are attracted to -1 or 1, depending on the weights between neurons. Operation of 
a Hopfield network requires the ‘training’ of synaptic weights so that a pattern may be ‘remembered’ by the 
array. Then, given inputs which may only partially resemble the pre-programmed pattern, the network will 
converge to the ‘remembered’ state. Training requires long-term stability of pre-programmed states, which is a 
task that can be fulfilled by memristive devices exhibiting LTP or LTD. When implemented in this way, the 
ability to recall pre-programmed patterns allows ANNs to be used for applications including computer vision 
and speech recognition
24,105,106
. 
STP is an equally important quality for synaptic devices contained in ANNs. The dynamical nature of STP is 
extremely useful in neuromorphic circuits because they need the ability to recognise patterns encoded in spike-
based inputs sequentially. It has been demonstrated that even circuits containing only a single memristor 
exhibiting STP functions are capable of efficient spatio-temporal computations
102
. Recently, the short-term 
dynamics of a memristor array have been explored in the context of interference theory
107
. It was demonstrated 
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that if a parallel memristor circuit attempted to recall a list of stored memory items, the circuit would suffer 
from the same impairment as a biological system as the list grew in number. This demonstrates the ability of 
memristor arrays to emulate high-level short-term biological memory processes. 
 
1.3.4 Peripheral memristor devices 
1.3.4.1 Selector devices 
Critical to the performance of memristor arrays is the addressability of individual devices since unintentional 
partial biasing of surrounding devices may alter their conductance state. Fig. 8 shows a Hopfield network with a 
group of partially biased memristors surrounding the ‘addressed’ device. A current ‘sneak path’ may be also be 
created through these devices, which bypasses the addressed memristor entirely. Two-terminal ‘selector’ 
devices offer a solution
108
. Exhibiting extremely non-linear I-V characteristics, but requiring bipolar operation 
unlike a diode, a selector can be connected in series with each memristor to prevent current flow unless a 
prescribed threshold voltage is exceeded. However, recoverable device operation only occurs in the selector if 
irreversible alterations due to temperature or high-electric fields are avoided. Due to the requirement for bipolar 
operation, development has focused on materials exhibiting current-controlled negative differential resistance 
(CC-NDR) - including Mott insulators. Materials that meet these demands are limited and efforts have largely 
focused on NbO2
109
 and VO2
110
. However, NbO2 selector devices suffer from undesirable current leakage below 
the threshold voltage
109,111
 whilst VO2 is unsuitable for operation above 400K. Alternative materials are 
therefore required for future generations of synaptic devices. The reliable, scalable and cost-effective fabrication 
of such devices is essential for the development of large-scale neuromorphic circuits. 
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Figure 8: 3-bit Hopfield network with partially biased memristors25. 
 
1.3.4.2 Nanooscillators and Neuristors 
Memristors, like biological synapses, accept spike-based inputs. The required physical scale precludes 
implementation of inductors to provide the voltage-spikes but metal-oxide devices exhibiting CC-NDR are 
suitable
111
. When connected in parallel with a reactive element, a CC-NDR device behaves as a van der Pol 
oscillator
112
. This behaviour has been demonstrated in VO2 and NbO2
111,113
. Nanooscillators have been shown to 
operate at frequencies ranging from 1kHz to 20MHz, with tunable oscillation frequencies that depend upon the 
RC product of the circuit, where R and C are the total effective resistance and capacitance, respectively
111
. 
It has been demonstrated that nanooscillators can be coupled to create a new device, termed a neuristor
27
. These 
devices exhibit the essential function of spike generation with signal gain at tunable frequencies and have been 
touted as viable replacements for silicon ‘integrate-and-fire’ neurons15,22,24. Their incorporation into 
neuromorphic systems could create transistor-free computing architectures. 
To date, there has been one report of a single device displaying the coexistence of memristance and CC-NDR 
using substoichiometric TiOx
114
. However, CC-NDR was only observable at temperatures <150K. It was 
demonstrated that this type of device was capable of both memory retention and spike generation at frequencies 
dependent on the conductance state of the device. Devices of this type could be used to create transistor-free 
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neuromorphic architectures using a single device type, greatly simplifying the fabrication process and reducing 
the footprint of memristor arrays. 
 
1.3.5 Memristive materials 
1.3.5.1 Hafnium oxide 
Hafnium oxide is a frequently reported on memristive material
115-117
 whose properties are described in detail in 
chapter 1.2.1 of this thesis. Memristors with HfO2 active layers have attracted significant interest due to their 
operating temperature range and stability
118
. Oxygen vacancies (Ov) have been shown to cause current leakage 
paths in HfO2 and synaptic plasticity in hafnia-based devices has been attributed to the mobility of these 
defects
50
. 
1.3.5.2 Zinc tin oxide 
Zinc tin oxide (or ZTO) is an amorphous oxide semiconductor (AOS) that is sometimes referred to as a 
transparent conducting oxide (TCO) due its high electron mobility and tunable conductivity
119
. Transparent 
conducting oxides (TCOs) exhibit a unique combination of optical and electronic transport properties. High 
electron mobility and high transparency TCOs are playing key roles in thin film optoelectronic devices 
including flat panel displays, photovoltaics, electrochromic devices and anti-static coatings. While the use of 
indium tin oxide (ITO) dominates the market, the cost and relative scarcity of In is motivating research into In-
free TCO materials. Among these, materials comprising ZnO and SnO2 offer high electron mobility (>10 
cm
2
/Vs) across a wide composition range, high thermodynamic stability and low processing temperatures
119
.  
ZTO was first used to fabricate resistive switching memory in 2013
120
, slightly after the report of synaptic 
devices based on similar material, InGaZnO (IGZO)
101
. Memristive devices fabricated from AOSs offer many 
significant advantages over commonly used polycrystalline materials including highly isotropic films over large 
substrate areas and lack of grain boundaries, allowing device scalability beyond the thickness limit of gate 
oxides. They also offer highly tunable conductivity based dopant content, which makes them a natural choice as 
a memristive material, and the opportunity to make flexible devices
101
. 
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ZnO/AgxO metal-semiconductors field-effect transistors have been previously investigated by bias stress 
testing
121
. It was discovered that positive bias stressing results in Ag electromigration across the gate interface. 
This effect was not detectable using other contact materials, suggesting AgxO may be an ideal active electrode 
material for ZnO-based, and possibly ZTO, memristive devices. 
 
1.4 Energetic deposition methods 
1.4.1 Filtered cathodic vacuum arc 
FCVA (diagram shown in Fig. 9) is an energetic deposition method employing a high current density arc 
discharge to vapourise material from a metallic cathode. While deposition from unfiltered cathodic arcs has 
been practiced for nearly 50 years
122
, high tech applications, such as semiconductor devices and optical 
interference coatings, require macroparticle filtration. Since the 1980’s this has been achieved in commercial 
units by employing a 90 ̊ magnetic filter (or even two)122-124. These filters work by steering electrons and ionised 
particles around the bend using electromagnetic coils, while macroparticles and neutral atoms land on the filter 
walls minimising their transmission towards the substrate. Filtration results in near 100% ionisation yield for 
depositing flux and allows the average landing energy of particles incident on the substrate to be controlled by 
the application of electrical bias. This method is capable of producing dense, well adhered metal oxide coatings 
over large areas with optical and electrical properties suitable for device applications
125-127
. 
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Figure 9: Schematic of the FCVA system used to deposit HfO2, ZTO and AgxO films. 
 
1.4.2 High power impulse magnetron sputtering 
HiPIMS is a relatively new energetic physical vapour deposition technique, only having been demonstrated in 
1999 by Kouznetsov
128
. It utilises voltage pulses at low duty cycles (<10%) and low frequencies (typically 
<500Hz) to produce power densities of several kW cm
-2
. Dense plasmas are created with a low average power to 
minimise target heating during operation. A significant fraction of sputtered target materials is ionised (see Fig. 
10), which allows the landing energy of the depositing flux to be influenced with the same techniques as used in 
FCVA systems. High quality thin films are able to be created in this manner with excellent control over density, 
crystallinity and grain size
73
. The dense coatings achievable by HiPIMS deposition has led to adoption primarily 
by the tribological tool coating industry, however, many publications have since reported on optical and 
electrical devices
84,129
.  
HiPIMS can be used to grow metal oxides and nitrides by inletting reactive gases into the vacuum chamber 
during deposition. However, compounds formed on the target surface must be controlled as variations in target 
chemistry can cause instabilities in the plasma behaviour and deposition rates
130
. An active feedback control 
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loop to restrict gas pressures is often required in conventional DC magnetron sputtering systems to avoid 
hysteresis effects
131
 but we have recently shown that this can be achieved in HiPIMS by altering the pulse 
length
131
 (see appendix 1). 
 
 
Figure 10: Diagram of HiPIMS process. Ions and electrons follow the magnetic field lines during voltages pulses and 
sputter metallic ions and neutrals from the ‘racetrack’, which are then deposited on the substrate.  
1.5 Research rationale 
Optical and electronic instruments are an integral part of most scientific fields and there is always a driving 
demand for miniaturised devices that have improved accuracy, sensitivity, data collection and processing rates. 
However, large scale fabrication of these devices on the nanoscale requires high precision yet high throughput 
fabrication methods. These requirements could be fulfilled by energetic deposition methods that are scalable for 
industrial applications, such as FCVA and HiPIMS. 
A key example is the adoption of HfO2 as a gate oxide by microprocessor manufacturers, who use ALD despite 
the appallingly slow deposition rates. The use of HfO2 in any capacity other than the extremely thin layers 
required for gate oxides in MOSFETs would preclude the use of ALD, especially in thick multilayer coatings 
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such as those used to produce optical interference filters. Therefore, there is a need to develop synthesis methods 
that create high quality dielectric HfO2 layers rapidly. 
Additionally, as device dimensions continue to shrink at a rate that will soon reach the limit of what transistors 
with high-κ gate oxides can tolerate, the memristive functions that these materials provide need to be 
investigated. In this capacity, HfO2 and related materials will be able to continue to serve as dielectric layers in 
future microprocessors and beyond-von Neumann computing architectures, whilst being fabricated using the 
deposition methods investigated herein.  
Specific shortcomings identified in devices designed for the next generation of neuromorphic computing are 
also able to be addressed while developing the synthesis methods. Examples include the peripheral devices 
mentioned in chapter 1.3.4, including selector devices and neuristors. The fabrication of these devices will have 
to be compatible with fabrication of the memristors themselves. 
 
1.6 Research Questions 
The questions that this thesis aims to answer include: 
 Are energetic deposition methods suitable for depositing high quality dielectric thin films, such as 
HfO2? 
 How do the electrical and optical characteristics of these films compare to those deposited by other 
deposition methods? 
 Can nitrogen be used to passivate oxygen vacancy defects in HfOx deposited by HiPIMS and if so, 
which deposition parameters produce the highest quality films? 
 How are the memristive properties of these films dependent on the microstructure/ oxygen vacancy 
density? 
 Can the tunable conductivity and electromigration of Ag+ in ZTO be exploited to create memristors 
that also exhibit threshold voltage switching? 
 
The major outcomes of this thesis are: 
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 Device quality HfO2, with comparable electrical characteristics to films deposited by MBE and 
MOCVD, has been achieved using FCVA. 
 High quality HfO2-xNx, with very low current leakage, high refractive index, stable amorphous 
microstructure and smooth morphology has been deposited by reactive HiPIMS. 
 Devices based on HfO2-xNx with high/low oxygen vacancies have been shown to memristive/threshold 
switching behaviour that can be controlled by nitrogen pressure during deposition. 
 The coexistence of CC-NDR and memristance has been demonstrated in ZTO/AgxO devices that 
operate above room temperature. 
 
1.7 Thesis outline 
This thesis describes the energetic deposition of wide band gap metal oxide thin films, including HfO2, HfO2-xNx 
and ZTO. Chapters 2-5 present four journal articles recently published by the Thesis author that seek to answer 
the research questions outlined in chapter 1.6. Chapter 6 discusses the results from each of the articles and the 
broader research field. 
Chapter 2 compares the optical and electrical characteristics of HfO2 energetically deposited by FCVA to those 
fabricated using conventional DC magnetron sputtering. These characteristics are related to the local atomic 
bonding arrangements produced by each technique. 
Chapter 3 investigates the growth of HfO2 and HfO2-xNx by reactive HiPIMS. The incorporation of nitrogen and 
simultaneous passivation of oxygen vacancies is investigated by X-ray absorption spectroscopy (XAS). Devices 
formed on these films are characterised optically and electrically. 
Chapter 4 investigates the memristive properties of devices formed on HfO2-xNx deposited using the techniques 
developed in chapter 3.  
Chapter 5 describes the energetic deposition of ZTO/AgxO heterolayer devices by FCVA. The memristive and 
oscillatory electrical behaviour are of the devices are characterised and presented. 
Chapter 6 provides a summary and discusses the major findings of this Thesis. 
Appendices I & II are reports published by the Thesis author that are relevant to aspects of the project. 
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Abstract
Amorphous hafnium oxide films, energetically deposited at room temperature from a filtered
cathodic vacuum arc (FCVA) onto Si substrates, exhibit low current leakage (11 μA cm−2 in an
electric field of 100 kV cm−1), a dielectric constant (k) of 17 and a refractive index exceeding 2.1
over the visible spectrum. Cross-sectional transmission electron microscopy, energy-dispersive
x-ray spectroscopy and electron energy loss spectroscopy revealed an amorphous microstructure
and higher film density when compared with HfO2 deposited by reactive direct-current
magnetron sputtering. The superior properties and higher density of the FCVA HfO2 are
attributed to the elevated energy of the depositing flux.
Keywords: hafnium oxide, thin film, dielectric constant
(Some figures may appear in colour only in the online journal)
1. Introduction
Hafnium oxide is a high-k dielectric material with attractive
optical and electronic properties. Possessing a dielectric
constant between 16 and 30, an optical bandgap exceeding
5.7 eV, band-offsets with Si above 1.4 eV and higher ther-
modynamic stability (when in contact with Si) compared with
other high-k materials [1], HfO2 is a viable replacement for
SiO2 as the gate insulator in complementary metal-oxide-
semiconductor (CMOS) transistors [2]. Due to its high
refractive index, high laser damage threshold [3] and broad
spectral range, HfO2 also has many potential optical appli-
cations. Aside from these applications, memristors [4], bio-
sensors [5], gas sensors [6] and gamma radiation sensitive
devices [7] based on HfOx have been demonstrated. Amor-
phous HfO2 could also play an important role in the emerging
field of flexible electronics (based on plastics and amorphous
oxides [8]) but for this potential to be fulfilled, it must be
possible to deposit high quality a-HfO2 films at low
temperatures.
The properties of HfO2 films deposited by chemical
vapour deposition and physical vapour deposition (PVD)
have been widely reported [2]. Typically, when employing
low deposition temperatures, lower current-leakage is mea-
sured through HfO2 grown by atomic layer deposition (ALD).
Charge trapping in HfO2 increases with crystallization [9]
which in most PVD methods, occurs as the deposition tem-
perature increases. In transistor channels insulated with HfO2,
this leads to reduced carrier mobility and threshold voltage
instability [10].
The filtered vacuum cathodic arc (FCVA) is an energetic
physical vapour deposition technique capable of producing
high quality thin films over large areas with film growth rates
typically between 5–10 nmmin−1 and without harmful pre-
cursor/by-product gases. By employing substrate bias to
control the average energy in the depositing flux, a greater
variety of microstructures can be accessed at lower growth
temperatures [11]. FCVA deposition is established in the tool
coating industry and has been used to produce high quality
degenerately doped transparent conducting oxides [12].
Recently, devices based on FCVA deposited metal oxides
including HfO2 have been reported [13, 14].
Here, we present structural, electrical and optical char-
acteristics of HfO2 thin films energetically deposited from a
FCVA under conditions compatible with insulating, tem-
perature sensitive substrates. The properties of the FCVA
deposited HfO2 are compared with those deposited by con-
ventional direct current (dc) reactive magnetron sputtering,
which has a less energetic depositing flux.
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2. Methods
HfO2 films were deposited onto n-type <100> silicon wafers
(resistivity∼ 10Ω.cm) using a NanoFilm FCVA system [15].
The substrates were at floating potential (∼−30 V). Previous
measurements suggest the maximum substrate temperature
during deposition was <50 °C [16]. A 68 mm diameter, 99.9%
purity hafnium metal cathode was operated with an arc cur-
rent of 150 A. Oxygen gas was inlet to the chamber whilst
argon gas was inlet near the cathode. The process pressure
was 4 × 10−4 Torr, with an oxygen partial pressure of
2.6 × 10−4 Torr and an argon partial pressure of
0.9 × 10−4 Torr. Prior to deposition, the system was pumped
to a base pressure <1 × 10−5 Torr. HfO2 films were also
deposited onto n-type silicon wafers, without substrate heat-
ing (or bias) by dc magnetron sputtering (DCMS) in an AJA
inc. magnetron sputtering system using a 99.9% purity 76 mm
diameter hafnium metal target. Base pressures prior to
deposition were <1 × 10−6 Torr, the process gas pressure (with
Ar and O2 inlet flow rates both of 25 sccm) was 3.0 mTorr
and the target power was 84W.
3. Results and discussion
Table 1 summarises structural, optical and electrical mea-
surements from the FCVA and DCMS deposited HfO2 films.
Electron-beam and x-ray diffraction measurements (not
shown) indicated that both DCMS and FCVA deposited HfO2
films were amorphous. The compositions of both films were
determined from x-ray photoelectron spectroscopy (XPS)
(performed in a Thermo K-alpha system equipped with an Al
Kα source) to be stoichiometric HfO2.
Figures 1(a) and (b) show transmission electron micro-
scope (TEM) images (acquired in a JEOL 2100F operating at
200 kV) of HfO2 films deposited by FCVA and DCMS onto
Si and cross-sectioned using mechanical polishing followed
by ion beam thinning. Both films appear featureless, con-
sistent with an amorphous microstructure. The film deposited
by FCVA is supported on an oxide interfacial layer
approximately 4.5 nm in thickness. A slightly thicker oxide
layer (∼5 nm) lies beneath the DCMS film. Oxide layers
between HfO2 films and Si are almost always observed,
regardless of the deposition method [2] and can affect the
electrical characteristics by introducing a dipole, causing a
shift in the threshold voltage [17]. Although this interfacial
layer increases the total equivalent oxide thickness of the gate
dielectric, it has been acknowledged that it is a critical com-
ponent of the gate stack since it contributes to higher channel
carrier mobility and reduced fixed charge in the high-k film
[18]. Hf-silicate, SiO2 and Si2O3 have been suggested as
principle components of the interfacial layer [19]. Here, the
composition of the interfacial layers beneath the DCMS and
FCVA deposited HfO2 was determined to be SiO2 by energy
dispersive x-ray spectroscopic mapping.
Scanning TEM electron energy loss spectroscopy
(STEM-EELS) was performed using a Gatan imaging filter.
EELS were acquired at multiple locations within the HfO2
regions in the DCMS and FCVA specimens and averaged.
Figure 1(c) shows energy loss functions (ELFs) extracted
from averaged STEM-EELS spectra by removing multiple
scattering and zero-loss peaks [20]. Significant differences
Table 1. Structural, electrical and optical properties of HfO2 films deposited by FCVA and DCMS.
Structural Electrical Optical
Method Thick. (nm) Density (g cm−3) RMS rough. (nm) J at 0.1 MV cm−1 (A cm−2) k Eg (eV) n (vis.)
DCMS 20 7.1 0.5 11 × 10−3 — 6.0 >1.7
FCVA 37 8.2 0.2 11 × 10−6 17 6.0 >2.1
Figure 1. TEM images of the (a) FCVA and (b) DCMS deposited
HfO2 films with (c) their energy loss functions and (d) the real (ε1)
and imaginary (ε2) components of their dielectric functions.
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exist in the ELFs from the FCVA and DCMS-deposited films
but the first major feature in both is a peak at ∼15 eV (peak
ii). The real (ε1) and imaginary (ε2) parts of the dielectric
function were calculated using the Kramers-Kronig relations
[20] and are shown in figures 1. (d) ε1 crosses zero at ∼15 eV,
indicating that peak ii is a bulk plasmon excitation [20]. The
peak at ∼22 eV (peak iii) in the ELF from the DCMS film
(figure 1(c)) results from interband transitions from O 2s to O
2p states [21]. Both films produce a peak at ∼28 eV (peak iv).
In the loss function of ZrO2, this peak has been assigned to a
non-plasmonic collective excitation [22]. The presence of the
O 2s to O 2p interband transitions and the sub-bandgap loss
feature at ∼5 eV (peak i) together with the close resemblance
with ELFs from monoclinic HfO2 films [23] suggest that
(contrary to the diffraction measurements) the DCMS film
contains regions where the local bonding resembles the
monoclinic phase. In contrast, the lack of features in the ELF
from the FCVA HfO2 film supports the assertion that this film
is amorphous. It is important to note that EELS is more
sensitive to local bonding than the diffraction techniques used
here and therefore more likely to reveal the dominant phase in
a highly disordered material [24].
The density of an insulator can be estimated using a free
electron model from the position of its bulk plasmon peak
[20] and this procedure was used to calculate the densities of
the DCMS and FCVA HfO2 films shown in table 1. The bulk
plasmon energy of the DCMS HfO2 film is red-shifted by
1 eV relative to the bulk plasmon energy of the FCVA
deposited film (figure 1(c)). Since both films exhibited the
same optical bandgap (table 1), the difference in the bulk
plasmon energies is attributed to the higher density of the
FCVA deposited HfO2 film. This increased film density was
expected due to the more energetic flux produced by the
FCVA (up to ∼100 eV for FCVA versus <10 eV for DCMS)
[12]. In other material systems, it has been found that density
peaks at average ions energies ∼50–150 eV (see for exam-
ple [25]).
Room temperature capacitance-voltage (C-V) and cur-
rent-leakage (J-E) measurements were performed on the
DCMS and FCVA deposited films using a Boonton 7200
capacitance meter and a Keithley 2410 source-meter. Litho-
graphically patterned 400 μm diameter Pt contacts were
placed on both DCMS and FCVA films and dual Ohmic
contacts to the underlying Si were established using thermally
evaporated Al. The leakage current density (J) through the
FCVA-deposited film (figure 2(a)) is three orders of magni-
tude lower than the leakage current through the DCMS film
(figure 2(a)) at 100 kV cm−1.
The presence of monoclinic bonding (revealed by EELS)
in the DCMS HfO2 film may contribute to its significantly
higher leakage current. It has been reported that high con-
centrations of positive oxygen vacancies (up to
2.5 × 1014 cm−2) can segregate to grain boundaries and
establish percolation paths for electron tunnelling [26]. The
low leakage measured in the FCVA HfO2 film is typically
only achieved in HfO2 films grown by other PVD methods
using elevated growth and/or annealing temperatures [27].
ALD is capable of producing HfO2 films at moderate tem-
peratures with similarly low leakage albeit with significantly
lower deposition rates [2].
C-V characteristics from the FCVA deposited HfO2 are
shown in figure 2(b). These exhibit well defined accumulation
and depletion regions with little hysteresis. From the flat band
voltage shift (ΔVFB = 0.60 V), the estimated effective oxide
charge, Qeff and oxide charge density, Neff are 1.3 × 10
−7 C
and 8.3 × 1011 cm−2, respectively. A dielectric constant (k) of
17 was calculated assuming the interfacial layer of thickness
4.5 nm consisted of SiO2 with k = 3.9 and assuming an
effective work function of 5.15 eV for the Pt anodes sup-
ported on the HfO2 [28]. C-V characteristics measured from
the DCMS HfO2 film were compromised by high through-
film current-leakage and are not shown.
The refractive indices of the HfO2 films were determined
over the spectral range 190–1000 nm using a JA Woollam
Co. variable angle spectroscopic ellipsometer and a Cauchy
dispersion model. The refractive index (n) (figure 3) of the
FCVA-deposited film is comparable to that of amorphous
HfO2 films grown by other PVD methods [29] and exceeds n
Figure 2. (a) Current-leakage and (b) capacitance-voltage characteristics from HfO2 films deposited at room temperature by FCVA (black)
and DCMS (red).
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in the DCMS film by ∼0.4. The optical bandgap was deter-
mined using Tauc’s method [30] and was found to be 6.0 eV
in both films. The increased refractive index of the FCVA-
deposited film is once again consistent with greater density,
previously attributed to the more energetic flux.
4. Conclusion
Thin films of HfO2 have been energetically deposited from a
FCVA at room temperature and were found to exhibit higher
density and significantly lower current leakage than HfO2
deposited by DCMS. C-V measurements performed on the
FCVA HfO2 film revealed a low threshold voltage shift (ΔVFB
= 0.60 V) corresponding to low fixed oxide charge density
(8.3 × 1011 cm−2). The FCVA HfO2 exhibited an optical
bandgap of 6.0 eV and a refractive index >2.1 in the visible
spectrum, significantly higher than that from the DCMS
HfO2. The superior optical and electrical properties of the
FCVA deposited HfO2 are attributed to film densification
caused by the energetic depositing flux.
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Influence of nitrogen-related defects on optical and electrical behaviour
in HfO22xNx deposited by high-power impulse magnetron sputtering
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HfO2xNx films have been deposited by high-power impulse magnetron sputtering in an Ar-O2-N2
atmosphere with a series of nitrogen partial pressures. X-ray absorption spectroscopy revealed the
optimum deposition conditions required to passivate O vacancies in the HfO2xNx films by
nitrogen. Low-mobility interstitial species prevent crystallisation of nitrogen-incorporated films.
These effects combine to remove leakage paths resulting in superior breakdown strengths
compared to films deposited without nitrogen. The bandgap was maintained at 5.9 eV in the films
in which nitrogen passivated the oxygen vacancies. This is essential to provide sufficient band
offsets for HfO2xNx films to be used an effective gate dielectric.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4931099]
Hafnium-based oxides exhibit wide bandgaps, high
refractive indices, high laser damage thresholds, and chemi-
cal resistance, making them important materials for many
potential optical applications.1 HfO2 is also a viable replace-
ment for SiO2 as the gate insulator in complementary
metal-oxide-semiconductor (CMOS) transistors,2 possessing
a dielectric constant between 16 and 30, an optical bandgap
exceeding 5.7 eV, band-offsets with Si above 1.4 eV and
higher thermodynamic stability (when in contact with Si)
compared with other high-j materials.2 Aside from these
applications, memristors,3 biosensors,4 gas sensors,5 and
gamma radiation sensitive devices6 based on HfOx have
been demonstrated. The high refractive index and broad
spectral range of HfO2 makes it an attractive material for
UV-visible region interference filters7,8 and low-loss pho-
tonic circuit elements.9 However, HfO2 often exhibits high
densities of oxygen vacancies which have been shown, both
in experiment10 and theory,11 to produce defect levels in the
upper band gap. In optical filters and waveguides, these
defects give rise to absorption, while in gate insulators, they
facilitate leakage paths leading to electrical breakdown. It
has been shown that nitrogen can be added during deposition
to passivate oxygen vacancies in hafnium oxide12 leading to
superior optical and electronic properties.
With this goal in mind, HfO2xNx films have been pre-
pared by radio-frequency (RF) magnetron sputtering,13 ion-
beam assisted deposition,14 chemical vapour deposition,15
and by post-deposition annealing of sputtered HfN in O2.
16
The refractive index and band gap have proved to be highly
dependent on preparation method, but generally, the intro-
duction of nitrogen results in increased refractive index and
decreased bandgap. The latter is undesirable as it leads to
reduced band offsets and leakage within MOS structures.
Despite reports of enhanced performance of high-j devices
incorporating HfO2xNx,
13,16 details of how the addition of
nitrogen passivates the vacancy site is not well understood.
For example, the incorporation of either atomic nitrogen, N2,
or NO has been shown theoretically to passivate Ov.
12
This letter describes the room temperature deposition of
HfO2xNx films by high-power impulse magnetron sputter-
ing (HiPIMS), an energetic physical vapour deposition
technique that utilises pulses of high voltage at low duty
cycle applied to a conventional DC magnetron sputtering
system. We present the structural, optical, and electrical
characteristics of these films. In particular, the bonding states
of the incorporated nitrogen have been studied as a function
of nitrogen content using X-ray absorption spectroscopy
(XAS).
In HiPIMS, a high fraction of sputtered species is ion-
ised by creating dense plasma while maintaining average
power at a moderate level to avoid target heating.17 The
degree of ionisation of the target material is an important
parameter of HiPIMS and can be exploited to obtain high
quality metal oxide films with controllable material proper-
ties such as density and crystallinity.18 While high-j thin
films can be deposited by radio frequency magnetron sputter-
ing, these systems are difficult to scale up for commercial
applications.19 Reactive direct current magnetron sputtering
is preferred commercially but suffers from target poison-
ing,20 effects of which include reduced sputter yield and
arcing across the surface oxide layer on the target. Pulse
length is an important parameter in HiPIMS and may be
tuned to maintain non-poisoned operation during
deposition.21
HfO2xNx films were deposited onto n-type h100i silicon
wafers (with resistivity 10 X cm) using a reactive HiPIMS
system (ATC 1800-F, AJA International, USA). The magne-
tron was operated in the unbalanced mode with a magnetic
field strength on the target surface of 5 kG. A 99.995% pure
hafnium target of 76mm diameter and 5mm thickness was
used (Kurt J Lesker, USA). Pulses of duration 140ls at
200Hz and amplitude 4606 5V were applied using a RUP7
power supply (GBS Elektronik GmbH, Dresden, Germany).
A constant deposition pressure of 5 mTorr was used, with aa)Email: billy.murdoch@rmit.edu.au
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range of partial pressures (indicated in Table I) of argon
(purity 99.997%), oxygen (99.997%), and nitrogen
(99.997%) gases.
Fig. 1(a) shows the substrate potential during pulses for
each of the samples prepared using different gas mixtures
(see Table I). The substrate potential decreased with increas-
ing nitrogen content. Corresponding target currents are
shown in Fig. 1(b). The target current is dependent on both
the number of incident ions and secondary electron emission.
The electron impact ionisation cross-sections for N2
22 and
Ar23 are lower compared to O2.
24 The O2 to Ar ratio was
kept equal, and the target current decreased as the nitrogen
flow rate increased. The resulting decreased ion population
explains the decreased substrate potential as the nitrogen
content increased (Fig. 1(a)). Fig. 1(c) shows that the current
at the substrate is initially dominated by electrons. At the
termination of each pulse, the substrate current becomes pos-
itive, resulting from the arrival of slower moving ions. A
70% reduction in ion flux to the substrate per pulse is
observed during the deposition of N50 compared with N0 as
a result of the lower target current and substrate potential.
X-ray diffraction (XRD), obtained using a Bruker D4
Discover diffractometer with Cu Ka monochromatic source
(Figure 2(a)), suggests that N0 exhibits the monoclinic HfO2
microstructure with crystallites approximately 5 nm in diam-
eter (calculated using Scherrer’s equation25). The nitrogen-
containing films show no evidence of crystallisation.
Prevention of crystallisation in nitrogen-incorporated films
has been reported previously.16,26 Amorphous dielectrics are
advantageous for flexible/organic electronics and the low-
temperature floating substrate bias conditions used here for
growth are compatible with these applications. Amorphous
materials are also generally preferred for optical applications
such as anti-reflection coatings and dichroics due to the
reduced scattering from grain boundaries and rough surfaces.
Atomic force microscopy (AFM) images of the N0 and N50
samples, shown in Figure 2(b), reveal a significant change in
the morphology of the films. The root mean square (RMS)
roughnesses, determined by AFM, are shown in Table I. The
films become progressively smoother with increasing nitro-
gen flow rate.
The local bonding in all the deposited films was investi-
gated using XAS (using the soft X-ray beamline at the
Australian synchrotron). The near edge X-ray absorption fine
structure (NEXAFS) of the O K edges (collected using the
total electron yield) is shown in Figure 3(a). It is important
to note that NEXAFS is more sensitive to local bonding than
XRD and therefore more likely to reveal the dominant phase
in nanocrystalline materials.27 Crystal field splitting resulting
in the formation of the eg and t2g peaks is evident in each of
the spectra.28 O K spectra for hafnia-based materials are
dominated by transitions from O 1s to O 2p* and Hf 5d*
anti-bonding states.28 The eg peak arises from transitions to
Hf 5d* states. Jahn-Teller splitting (resulting in two eg peaks
and distinct a1g and t1u peaks)
28 is observed in the NEXAFS
of N0 and occurs due to crystal distortions at grain bounda-
ries. The N0 NEXAFS is characteristic of monoclinic HfO2,
displaying seven-fold O coordination under a cubic symme-
try28 while the hafnium oxynitride films reveal no evidence
of crystallisation, consistent with the XRD and AFM results.
A feature associated with oxygen vacancies (labelled Ov) is
observed 1.4 eV lower than the eg peak.29 The relative
TABLE I. HfO2xNx deposition parameters and film characteristics.
Sample ID O2 (mTorr) N2 (mTorr) Ar (mTorr) Eg (eV) n at 500 nm RMS roughness (nm) Norm. abs. due to Ov
N0 2.50 0.00 2.50 5.9 1.85 3.6 1.00
N20 2.00 1.00 2.00 5.9 1.80 1.0 0.40
N33 1.66 1.66 1.66 5.9 1.85 <0.5 <0.02
N50 1.25 2.50 1.25 5.8 1.90 <0.5 <0.02
FIG. 1. The (a) substrate potential, (b) target current, and (c) substrate cur-
rent during the deposition of HfO2xNx films.
FIG. 2. (a) X-ray diffractograms and (b) AFM images showing that the
addition of N2 during deposition suppresses the crystallisation of the films
and reduces surface roughness. The peaks labelled “S” in (a) are from the Si
substrate.
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number of oxygen vacancies in each sample was determined
by performing Gaussian fitting of the Ov feature (Table I)
and reveals passivation with the addition of N2 gas during
deposition.
Figure 3(b) shows the N K edge from the nitrogen incor-
porated samples. XAS has previously been used to study the
chemistry of NO2 on oxide surfaces, in particular, the forma-
tion of NO3 and NO2-Ov interactions.
30 There are three
major peaks in the near-edge spectra from N20. Peak (i) is
attributed to two nitrogen atoms triple-bonded to each other
within the film and is observed to increase in samples depos-
ited with higher nitrogen pressures. Where substantial
concentrations of Ov are present, N2 interstitial species can
interact with vacant oxygen sites and passivate them without
bonding to lattice oxygen.31 Peak (ii) represents nitrogen
atoms bonded to two oxygen atoms. Atomic nitrogen has
been predicted to react with oxygen interstitials to form NO
interstitials with this arrangement.31 This peak is absent in
the spectra from N33 and N50 which were deposited with
lower O2 pressures. Peak (iii) is attributed to nitrogen atoms
bonded to three hafnium atoms, consistent with the passiva-
tion of the three-coordinated Ov by atomic nitrogen. The in-
terstitial quasimolecules are less mobile than atomic nitrogen
and increase the thermodynamic stability of the film causing
the abrupt change in the microstructure of the films with
introduction of nitrogen.
The refractive index of HfO2 is highly dependent on the
deposition method. The refractive index of N0 (HfO2) is
found to be higher compared to HfO2 deposited with conven-
tional magnetron sputtering.32,33 The refractive indices of
the HfO2xNx films (Fig. 4(a)) were found to increase as the
nitrogen pressure increased. He et al. observed an increase in
refractive index proportional to the nitrogen content in
HfO2xNx films deposited by reactive RF magnetron sputter-
ing.34 The N K NEXAFS indicate that the rise in refractive
index with increasing nitrogen pressure is likely due to den-
sification by N2 interstitial incorporation.
The optical band gap of each of the samples was deter-
mined using Tauc’s method35 (see Table I). The band gaps
reported here exceed those previously reported for
HfO2xNx films.
34 Nitrogen atom substitution at the three-
coordinated Ov site and the presence of NO interstitials result
in the addition of N 2p states located within the bandgap
close to the valence band edge.34,36 This has been associated
with bandgap reductions of up to 1 eV in previous experi-
mental studies with comparable nitrogen content37 (deter-
mined by X-ray photoelectron spectroscopy to be 7% for
each of the HfO2xNx samples). However, our results show
that these defect concentrations result in negligible bandgap
reductions. N2 interstitials generate marginally higher energy
gap states that are likely to be prevalent in samples prepared
by methods with low ionisation yields. The bandgap for N50
reduces slightly, which coincides with a higher proportion of
N2 interstitials observed in the N K NEXAFS, in agreement
with this assertion.
Room temperature capacitance-voltage (C-V) and
current leakage (J-E) measurements were performed on the
HfO2xNx films using a Boonton 7200 capacitance meter
and a Keithley 2410 source-meter. Lithographically pat-
terned Pt contacts were placed on the films and dual Ohmic
contacts to the underlying Si were established using ther-
mally evaporated Al. C-V characteristics from the N33 and
N0 samples (Fig. 4(b)) exhibit well defined accumulation
and depletion regions with little hysteresis. The N0 film
exhibited a dielectric constant (j) of 26, which is consistent
with monoclinic HfO2.
2 The N33 film exhibits a lower j of
12 and increased hysteresis. However, the electric break-
down characteristics (Fig. 4(c)) of N33 were superior to N0
(3 MV cm1 for N33 compared with 1 MV cm1 for
FIG. 3. (a) O K edge and (b) N K edge XAS from HfO2xNx films revealing
a reduction in Ov with increased nitrogen pressure during deposition. In (b)
the peaks associated with the three major nitrogen bonding arrangements are
shown.
FIG. 4. (a) Refractive index, (b) capacitance-voltage characteristics, (c)
leakage current density, and (d) Poole-Frenkel plots from HfO2xNx films.
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N0). The linear form of the Poole-Frenkel plot after break-
down, shown in Fig. 4(d), for N0 confirms that Poole-
Frenkel-type trap assisted conduction dominates in this film.
It has been reported that high concentrations of Ov can segre-
gate to grain boundaries and establish paths for trap assisted
conduction in monoclinic HfO2.
38 The nonlinear Poole-
Frenkel plot from the N33 sample discounts this as the domi-
nant conduction mechanism in the hafnium oxynitride films
and the improvement in electrical breakdown characteristics
can therefore be attributed to the passivation of Ov by
nitrogen.
In summary, HfO2xNx films have been deposited by
HiPIMS. The passivation of Ov defects by nitrogen in these
films was investigated by X—ray absorption spectroscopy. It
was found that Ov densities in HfO2xNx films decrease with
increasing N2 partial pressure during deposition. Passivation
was achieved by atomic nitrogen substitution and N2 intersti-
tials at the Ov site. The incorporation of low mobility inter-
stitial species inhibited crystallisation. These effects
combine to greatly reduce electron leakage paths in the films
resulting in high breakdown strengths. The refractive indices
of HfO2xNx films were found to be dependent on N2 pres-
sure during deposition. Increases in the refractive index were
attributed to high densities of N2 interstitials. The substitu-
tion of atomic nitrogen for Ov did not significantly reduce
the optical bandgap, allowing sufficient band offsets for the
HfO2xNx films to be used as an effective gate dielectric.
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Monoclinic HfO2xNx has been incorporated into two-terminal devices exhibiting either memristor or
selector operation depending on the controlled inclusion/suppression of mobile oxygen vacancies. In
HfO2 memristors containing oxygen vacancies, gradual conductance modulation, short-term plasticity,
and long-term potentiation were observed using appropriate voltage-spike stimulation, suggesting suit-
ability for artificial neural networks. Passivation of oxygen vacancies, confirmed by X-ray absorption
spectroscopy, was achieved in HfO2xNx films by the addition of nitrogen during growth. Selector
devices formed on these films exhibited threshold switching and current controlled negative differential
resistance consistent with thermally driven insulator to metal transitions.VC 2016 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4945727]
Memristors mimic biological synapses and can be
assembled to create artificial neural networks.1,2 They exhibit
learning and memory functions including long-term potentiation
(LTP) and long-term depression (LTD), suitable for non-volatile
memory applications, and short-term plasticity (STP), suitable
for spatio-temporal computations such as the concurrence or
coincidence of events.3,4 LTP involves repeated stimulation in
order to achieve a permanent (non-volatile) enhancement of a
synaptic connection, the biological analogue of conductance.5,6
LTP is often preceded by STP. The latter is characterised by
temporal (volatile) enhancement of a synaptic connection then
rapid decay to the pre-stimulated state.7 Circuits containing a
single memristor exhibiting only STP have proved capable of
efficient spatio-temporal computations3 but many neuromorphic
circuit applications require both LTP and STP.
The underlying physical mechanisms of memristance
have been debated since the 1960s.8–11 More recent reports
have attributed the memristive behaviour in metal oxides,
such as TiO2 and Ta2O5, to the migration of charged dopants,
most commonly oxygen vacancies Ov, under bias stress.
12–16
HfO2 memristors have attracted interest due to their low
switching power, stability, and switching speeds (as low as
300 ps) that exceed those observed in more conventional
memristive materials, such as TiO2 and Ta2O5.
17–19 Non-
volatile memory devices fabricated from binary metal oxides
such as CuOx
20 and ZnO21 have exhibited resistive switching
properties comparable to those observed in HfO2
18 but they
do not support STP.
Critical to the performance of memristor arrays is the
addressability of individual devices since unintentional partial
biasing of surrounding devices may alter their conductance
state. Two-terminal “selector” devices offer a solution.22
Exhibiting extremely non-linear current-voltage (I-V) charac-
teristics, a selector can be connected in series with each mem-
ristor to prevent current flow unless a prescribed threshold
voltage is exceeded.22,23 However, recoverable device opera-
tion only occurs in the selector if irreversible alterations due
to temperature or high-electric fields are avoided. Materials
that meet these demands are limited and efforts have largely
focused on NbO2
23,24 and VO2.
25 However, NbO2 selector
devices suffer from undesirable current leakage below the
threshold voltage,24,26 whilst VO2 is unsuitable for operation
above 400K. Alternative materials are therefore required for
future generations of synaptic devices. The reliable, scalable,
and cost-effective fabrication of such devices is essential for
the development of large-scale neuromorphic circuits.
In this study, we report on the electrical properties of
two-terminal memristive and selector devices that have
been formed on monoclinic HfO2xNx by high power
impulse magnetron sputtering (HiPIMS). Devices formed
on hafnia (deposited without nitrogen) exhibit LTP and
STP when they contain high Ov densities. We show that
the memristive properties of hafnia disappear when the Ov
is removed via passivation by nitrogen and we report recov-
erable current-controlled negative differential resistance
(CC-NDR) in HfO2xNx.
HiPIMS is an energetic physical vapour deposition
technique that utilises pulses of high voltage at low duty
cycle applied to a conventional DC magnetron sputtering
system. A high fraction of sputtered species is ionised by
creating dense plasma while maintaining average power at
a moderate level to avoid target heating.27 The degree of
ionisation of the target material is an important parameter
of HiPIMS and can be exploited to obtain high quality thin
films with controllable material properties such as density
and crystallinity.28
HfO2xNx films were deposited onto n-type h100i silicon
wafers (with resistivity10X cm) at room temperature using
a reactive HiPIMS system (ATC 1800-F, AJA International,
USA). The magnetron was operated in the unbalanced mode
with a magnetic field strength on the target surface of
5 kGauss. A 99.995% pure hafnium target of 76mm diameter
and 5mm thickness was used (Kurt J Lesker, USA). Pulses of
duration 140ls and amplitude 4606 5V were applied at a
frequency of 200Hz using a RUP7 power supply (GBS
Elektronik GmbH, Dresden, Germany). A constant depositiona)Email: billy.murdoch@rmit.edu.au
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pressure of 5mTorr was used. The HfO2 was deposited with
process pressures of 2.5mTorr of both Ar and O2. HfO2xNx
films were deposited using process pressures of 2.5mTorr of
N2 and 1.25mTorr of both O2 and Ar. Lithographically pat-
terned Pt contacts (100lm radius) were placed on the films,
and Ohmic contacts to the underlying Si were established
using thermally evaporated Al. The HfO2xNx film was then
annealed in air for 1 h at 600 C to achieve a monoclinic
microstructure and ensure Ov passivation. The nitrogen con-
tent, as determined by X-ray photoelectron spectroscopy, was
7 at. %. The film deposited without N2 was determined to be
stoichiometric HfO2 (to within 1 at. %).
Fig. 1(a) shows the current-voltage (1-V) characteristics of
the HfO2 device during successive positive voltage sweeps
(performed using a Keysight B2902A semiconductor parame-
ter analyser) after an initial 15V electroforming sweep.
Sequential and incremental increases in conductivity asymp-
tote to a 12% increase at 5V after 5 sweeps (shown in inset).
This conductivity modulation in HfO2 has been attributed to
redistribution of Ov under bias stress.
29,30 In contrast, succes-
sive 5V sweeps yield no measurable modification of the con-
ductivity in the memristor formed on the more resistive
HfO1.86N0.14 (Fig. 1(b)), consistent with an absence of active
mobile defects. However, during subsequent 15V sweeps, the
HfO1.86N0.14 memristor exhibited bistable hysteretic behaviour
(shown in inset in Fig. 1(b)) reminiscent of similar characteris-
tics observed in Mott insulators.26,31 This behaviour (addressed
below) was not observed in similar 15V sweeps performed on
the HfO2 memristor.
Local bonding in the active layers of the HfO2 and
HfO1.86N0.14 memristors was investigated using X-ray
absorption spectroscopy (XAS) (using the soft X-ray beam-
line at the Australian synchrotron). The near edge X-ray
absorption fine structure (NEXAFS) of the O K edges (col-
lected using the total electron yield) is shown in Fig. 2. The
NEXAFS of both materials is characteristic of monoclinic haf-
nia, displaying sevenfold O coordination under a cubic sym-
metry.32 Crystal field splitting, resulting in the formation of the
eg and t2g peaks, and Jahn-Teller splitting (J-T), resulting in
two eg peaks and distinct a1g and t1u peaks, are observed. J-T
splitting occurs due to crystal distortions at grain boundaries,
and confirms the dominant crystal phases to be monoclinic
(space group P21/c). O K spectra for hafnia-based materials
are dominated by transitions from O 1s to O 2p* and Hf 5d*
anti-bonding states. The eg peak arises from transitions to Hf
5d* states. The peak associated with Ov is located 1.4 eV
below the e1g peak (see inset in Fig. 2).
33,34 No Ov peak is
detected in the HfO1.86N0.14 spectra, confirming the removal of
Ov in devices formed on these films and their role in the grad-
ual conductance modulation observed in the HfO2.
Fig. 3(a) shows the modulation of conductance in the
HfO2 memristor (lower) in response to the applied voltage
pulse train (upper). The conductance, G, measured during
non-perturbative read pulses of 500mV, changed by 25%
and was recoverable to the original value by the application
of reversed-polarity pulses via a gradual and repeatable pro-
cess. This behaviour is consistent with previous reports.35,36
Fig. 3(b) shows LTP in the HfO2 memristor. A change
in G of 20% is observed after repeated application of
500mV pulses (with a constant read voltage of 1V) at
150ms intervals. In order for LTP to occur in memristors, an
FIG. 1. (a) Gradual conductance modulation in memristors formed with
HfO2 using positive voltage sweeps (expanded view inset). (b) I-V character-
istics of similar device formed with HfO1.86N0.14. Inset shows threshold
switching in the device achieved with a positive voltage sweep.
FIG. 2. O K edge XAS from HfO2 and HfO1.86N0.14 films revealing the
passivation of O vacancies with the introduction of N2 during deposition
(expanded view inset).
143504-2 Murdoch et al. Appl. Phys. Lett. 108, 143504 (2016)
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  131.170.6.51 On: Thu, 26 May 2016
11:12:58
activation barrier must be exceeded for dopant diffusion;
otherwise, a volatile response (STP) will be induced.3
However, the activation barrier is dependent on the device
history. The modulation of the conductance with successive
identical voltage pulses results in lowering of the barrier. For
500mV pulses at 150ms intervals, a STP decay curve is not
observed, indicating a very short (<15ms) relaxation time
interval, s; nevertheless, LTP is induced after the 7th voltage
pulse. STP was only observed when the pulse height and
interval were doubled to 1V and 400ms, respectively (Fig.
3(c)). LTP was not observed at this interval, despite the
increased electric field. These observations (no STP after
low-voltage, short-duration intervals and no LTP after high-
voltage, long-duration intervals) indicate a non-uniform dis-
tribution of activation barrier energies within the active
HfO2 layer. In monoclinic HfO2, it has been reported that
grain boundary interactions with Ov modify the activation
barrier energies.37 Ov diffuses in the bulk crystal with a bar-
rier height of 0.7 eV, towards the grain boundary with a bar-
rier height of 0.4 eV and away from the grain boundary
with a barrier height of 1.1 eV. The onset of LTP without
STP in Fig. 3(b) suggests that in lower electric fields, Ov is
redistributed within the active layer without back-diffusion,
which is energetically favourable for diffusion towards the
grain boundary. In higher electric fields (Fig. 3(c)), STP is
observed because Ov is able to overcome the activation bar-
rier away from the grain boundary, enabling the formation
of metastable states that undergo relaxation. While the
redistribution gradually increases G, diffusion away from
the grain boundary does not establish percolation paths and
no LTP is observed. Hence, due to the interaction of Ov
with grain boundaries, the local bonding of the HfO2 mem-
ristor plays a key role in determining the switching dynam-
ics of the device.
The memory decay can be described by an exponential
GðtÞ ¼ Gs þ ðG0  GsÞet=s, where G0 and Gs are, respec-
tively, the conductance at t¼ 0 and the conductance after its
return to the steady state.38 By fitting the data (Fig. 3(d)), s
was determined to be 133ms at this interval. The clear de-
pendency of s on the pulse interval is shown in the inset in
Fig. 3(d), demonstrating that even in the absence of LTP, the
rehearsal of memorisation events (i.e., application of multi-
ple voltage spikes) in short time periods makes it more diffi-
cult for the device to “forget.” This simple relationship
between s and the pulse interval is a fundamental require-
ment for temporal pattern recognition in memristor arrays.
FIG. 3. (a) Incremental modulation of
the HfO2 memristor conductance meas-
ured after the corresponding potentiating
(blue) and depressing (red) program-
ming pulses. (b) LTP implemented using
a 500mV pulse train with a 150ms
interval. (c) STP implemented using a
1V pulse train with a 400ms interval.
(d) Memory decay curve from data in
(c) with the relaxation time (s) obtained
by fitting an exponential curve (red line)
to the data. Inset shows the dependence
of s on the interpulse interval.
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Our attention now turns to the origin of the threshold
switching behaviour observed in the HfO1.86N0.14 memris-
tor (Fig. 1(b)). Fig. 4 shows the V-I characteristics of a
device formed on a 30 nm HfO1.86N0.14 layer and reveals
the existence of CC-NDR. The CC-NDR behaviour is
observed during the sweep both as the current rises and
falls. The V-I characteristics remained stable during similar
successive sweeps. Several reports of CC-NDR behaviour
in metal oxides have attributed this to reversible thermally
driven insulator-to-metal phase transitions.23–26,39 The
repeatable nature of the V-I characteristics observed in Fig. 4
suggests a distinctly different switching mechanism to that
observed in the HfO2 memristor and is consistent with a ther-
mally driven switching mechanism, such as an insulator-to-
metal phase transition due to Joule-heating. Nitrogen has
been deliberately incorporated into other memristive materi-
als such as tantalum oxide but has not yielded changes in
switching behaviour comparable with those reported here.40
The reversible, non-linear V-I characteristics suggest that the
HfO1.86N0.14 layers may be suitable for selector devices in
memristor circuits.
The relatively high threshold voltage shown in Fig. 4 pre-
cludes this device from application as a selector. However,
optimised HfO1.86N0.14 selectors could be made with thresh-
old voltages suited to the HfO2 synaptic devices simply by
scaling the thickness of the selector layer. The insulator-to-
metal phase change model proposed by Pickett39 predicts a
linear relationship between D and threshold voltage (see inset
in Fig. 4). Using this model, the conductance is dependent on
the radius of a metallic cylinder, which increases due to the
Joule heating of adjacent insulating material to beyond the insu-
lator-to-metal transition temperature. A schematic is shown in
inset in Fig. 4. The resistivities of the metal and insulating cylin-
ders were estimated to be 3.1 kX m and 1MX m, respectively.
The ambient temperature was 300K and the insulator-to-metal
transition temperature was estimated to be 3200K. The thermal
conductivity j was assumed to be 1.4Wm1K1.41 The calcu-
lated V-I characteristics (inset in Fig. 4) predict that a device
with a 5 nm HfO1.86N0.14 layer would have a threshold voltage
of 2.1V, making it suitable for use as a selector device.
In summary, the resistive switching mechanisms in mem-
ristors formed on monoclinic hafnia with low- and hi-Ov den-
sities have been investigated. Gradual conductance modulation,
STP, and LTP were implemented in HfO2 memristors using
voltage-spike stimulation, suggesting suitability for electronic
synaptic applications. The switching dynamics of the HfO2
memristor are explained by the interactions of Ov with grain
boundaries. The passivation of Ov defects by nitrogen in the
HfO1.86N0.14 film was confirmed by XAS. The HfO1.86N0.14
memristor exhibited threshold switching and CC-NDR. These
findings suggest simple bilayer selector/memory cells could be
fabricated from hafnia heterolayers.
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The activity dependent plasticity of biological synapses is critical to learning and memory in neuronal 
systems. Inorganic memristors with controllable electrical resistance emulate this synaptic behaviour. 
Memristor arrays assembled into artificial neuronal systems are poised to enable the paradigm shift away 
from conventional computing using the von Neumann architecture and its inherent performance 
limitations. Adopting an architecture based solely on memristors enables higher synaptic density and 
lower power consumption when compared with hybrid transistor/memristor architectures. To date, a 
single memristor has been unable to emulate both the spike-based programming functions of Hodgkin-
Huxley axons and synaptic learning/memory functions. Here, we report a nanoscale memristor based on 
a zinc tin oxide (ZTO)/AgxO heterolayer that exhibits both voltage-spiking, suitable for programming, 
and synaptic learning/memory. The stability of these devices ensures their suitability for the 
implementation of transistor-free neuromorphic architectures.  
 
Sequentially fetching and processing Big Data in conventional computing is limited by the von Neumann 
bottleneck. A fundamental switch in computing architecture is required in order to remove this bottleneck. 
Biologically-inspired artificial neural networks are a potential candidate, providing parallel and local processing. 
Current hardware-implemented spike-based computing systems incorporate complex analogue silicon transistor 
circuits
1
 interfaced with inorganic memristor arrays. Memristor-based electronic synapses
2,3
 can combine 
information processing and storage due to activity-dependent synaptic plasticity phenomena
4,5
. The flux-
dependent adjustment of device conductance, the electronic analogue of synaptic weight
6,7
 changes due to axon 
action potential activity
8
, results in either short-term plasticity (STP)
9,10
 or memory consolidation through long-
term potentiation (LTP)
4,11
. Whether the application requires short-term or long-term memory, spike-generation 
is necessary. The required physical scale precludes implementation of inductors to provide the voltage-spikes 
but metal-oxide devices exhibiting current-controlled negative differential resistance (CC-NDR), or threshold 
switching, are suitable
12
. When connected in parallel with a reactive element, a CC-NDR device behaves as a 
relaxation oscillator. Mounting evidence suggests that this effect is due to Joule-heating induced metal-insulator 
transitions (MIT)
13,14
. Though commonly observed in memristive devices, this MIT mechanism is distinct from 
the general model of memristive behaviour, which involves the reversible diffusion of ionic defects across a 
dielectric interface under bias stress to produce a conductive filament
15-17
.The challenge remains to find a device 
that exhibits both memristance and CC-NDR at temperatures suitable for stable operation.  
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Among memristive materials, amorphous metal oxide semiconductors, such as ZTO, offer advantages including 
low process temperatures, high uniformity over large substrate areas and easily controllable electrical 
properties
11,18
. Amorphous ZTO (a-ZTO) can be changed from insulator to metal depending on the degree of 
structural disorder
19
, making it a candidate for Joule heating triggered phase transitions. Here, we report 
synaptic learning/memory functions in a ZTO/AgxO heterolayer device that, when connected in a series circuit 
with a load resistor, also mimics the spiking behaviour of Hodgkin-Huxley axons. The combined CC-
NDR/memristor devices are suitable for implementation in transistor-free neuromorphic architectures.  
 
The memristor, shown schematically in Fig. 1a, is composed of AgxO and ZTO layers energetically deposited to 
promote adhesion and then annealed to promote densification (see Supplementary Fig. S1) and reduce resistivity 
(from >300Ωcm to 0.21Ωcm). A high-angle annular dark-field scanning transmission electron microscope 
(HAADF-STEM) image of a cross-sectioned memristor after device operation is shown in Fig. 1b. A 
discontinuous Zn/Ag-rich interfacial layer (IL) (indicated by dashed lines) separates the ZTO and AgxO layers. 
The STEM image shows this region to be amorphous. The arrows indicate the paths of energy dispersive X-ray 
spectroscopy (EDS) line-scans taken through a void in the IL (Fig. 1d (i)) and through the IL (Fig. 1d (ii)). The 
latter shows that Zn has diffused into the AgxO layer, creating the intermixed IL. Low-loss electron energy loss 
spectra (EELS) (Fig. 1c) taken from the ZTO, IL and AgxO layers include the bulk plasmon excitations of 
materials in each layer. The spectrum from the IL includes peaks from both ZTO and AgxO, confirming that 
intermixing has taken place. The IL is critical in determining the electrical properties of the memristor as it 
forms a highly insulating, field-independent barrier between the ZTO and AgxO, with room-temperature 
resistivities of 0.21Ωcm and 0.02Ωcm, respectively (see Supplementary Fig. S2). The intermixed ZTO and 
AgxO layers therefore provide conditions suitable for reversible diffusion of metal ions (Ag
+
) (or equivalently O
-
) across the IL, necessary for memristance. 
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Figure 1|Composition and structure of the memristor. a, Schematic of the ZTO/AgxO memristor showing the interface 
layer. The Pt capping layer was used as the top electrode. b, Cross-sectional HAADF-STEM image of the memristor c, Low-
loss EELS spectra taken from the indicated regions in (b). d, EDS line-scans along the paths (i. and ii.) indicated in (b). The 
white area in (ii) denotes the insulating region of the IL. 
 
 
1-10V and -1—10V voltage pulse trains (interlaced with 0.5V read pulses with interpulse intervals of 400ms 
and 400ms duration) were applied to the memristor and the resulting repeatable, incremental conductance 
modulations are shown in Fig. 2a. Distinct from devices exhibiting abrupt conductance switching
20,21
, the 
gradual modification of the memristor emulates the behaviour of biological synapses (see Supplementary Fig. 
S3). STP was observed during stimulation by 10V input pulses of 400ms duration at Δt = 20s intervals (Fig. 2b). 
Increases in conductance, measured during non-perturbative read pulses of amplitude 500mV, were short-lived. 
After each pulse, the conductance decayed back to its original value, akin to ―forgetting‖. This decay occurs 
without further application of voltage. The STP behaviour is converted to LTP with pulses of identical 
amplitude and duration but applied at repetition intervals of Δt = 2s. After a 12-pulse train was applied, the 
conductance exceeded 40μS and was maintained after the 9th pulse, emulating the long-term memory function of 
biological synapses. The analogous long-term depression (LTD) memory function was also implemented (see 
Supplementary Fig. S4). This behaviour is believed to result from an accumulation/removal of Ag-rich/O-poor 
regions along the conductive path within the IL which is sufficient to be non-reversible without the application 
of bias. 
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Figure 2| ZTO-based memristor showing incremental conductance modulation, STP and LTP depending on pulse 
repetition. a, Repeatable incremental conductance modulation measured after the corresponding programming pulses. b, 
Change in conductance according to the (inset) potentiating pulses. Pulses applied with intervals of Δt = 20s and Δt = 2s 
resulted in STP and LTP, respectively. 
 
 
In addition to the basic memory functions STP and LTP, the most common of Hebb’s learning rules22, the anti-
symmetric Hebbian rule was implemented. Biologically, the rule states that synaptic weight is a function of the 
time delay between the firing of pre- and post-synapses
23
. According to the anti-symmetric Hebbian rule, the 
temporal order of firing also determines the polarity of the change. In memristors, the pre- and post-synaptic 
pulses are applied voltages at the top electrode and bottom electrode, respectively. The total voltage on the 
device is then Vpre(t) – Vpost(t) (Fig. 3a). Pulses of +/-10V and duration 5ms were applied at varying inter-pulse 
intervals. Here, the largest measured conductance change (9%) occurred when the pre- and post-spikes were 
almost coincident (Fig. 3b). The polarity changed as the time delay passed coincidence, in accordance with the 
anti-symmetric Hebbian rule. A conductance change of 76% was observed after a train of potentiating spikes 
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(rather than spike pairs) was applied to the device (Fig. 2b). The increased response due to the application of 
successive pulses rather than single pairs is again, consistent with the behaviour of biological neurons
24
. 
 
Figure 3| STDP learning rule observed in the memristor. a, The total voltage across the memristor, equal to Vpre(t) – 
Vpost(t) where Vpre = Vpost = 10V. b, The conductance change as a function of time difference between presynaptic and 
postsynaptic spikes obeys the anti-symmetric Hebbian learning rule. 
 
 
The CC-NDR oscillations of the device were observed using a 10V DC voltage source in a series circuit with a 
100kΩ load resistor and a memristor (Fig. 4a) (test circuit diagram shown Supplementary Fig. S5). In self-
oscillating devices undergoing MIT, the exponential voltage increase (charging) occurs in the insulating state 
and is analogous to a charging capacitor
25,26
. Discharging then occurs when the device enters the conductive 
state. The devices behave as Pearson-Anson oscillators
27
, producing uniform periodic oscillations that are 
described by 
                 = 𝑅𝐶 𝑙𝑛  
𝑉𝑠−𝑉𝑡ℎ
𝑉𝑠−𝑉𝑚
       (1) 
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where  is the oscillation period, R is the total circuit resistance, C is the parasitic capacitance of the 
measurement cables (~200pF) and Vs, Vth and Vm are the source, threshold and minimum voltages, respectively. 
Vth and the oscillation amplitude may be modified by changing the load resistor, RL, (see Supplementary Fig. 
S6). The transition energy from insulating to metallic states is estimated to be 50pJ with a transition period 
<200ns. The flux-based operation of synaptic devices means that low amplitude oscillations (~0.1V) are 
sufficient to implement spike-based programming.  
Fig. 4c shows an enlargement of one of the oscillations. Memristive hysteresis loops with CC-NDR behaviour 
are observable from single oscillations (see inset Fig. 4c (The V-I characteristics during a 500μA sweep are 
included in Supplementary Fig. S7). The switching mechanism is explained by the flow diagram (with major 
stages labelled I-V) in Fig. 4b. A thin undoped tunnel barrier exists in the IL prior to the voltage pulse (see white 
region in Fig. 1d) (I). After the voltage pulse peaks (II), an insulator-to-metal transition (III) is induced in a 
filament-like region in the tunnel barrier. The thickness of the doped region of the device is then temporally 
reduced due to the spike in current, increasing the voltage required to maintain the Joule-heating induced 
metallic filament (IV). As the current is reduced, the filament undergoes a metal-to-insulator transition (V) with 
clearly observable CC-NDR. The metal/insulator phase transition now occurs at a higher threshold voltage due 
to the decrease in thickness of the doped region.  
The thickness increase of the depleted IL region during short-term depression (STD) can be calculated using the 
second order ordinary differential equations for thermal conduction in MIT devices, described elsewhere
28
. 
Supplementary Fig. S8 shows the V-I characteristics expected for a 0.1nm increase in the undoped IL layer. The 
period between (III) and (IV), which is much longer than the insulator-to-metal transition period, then allows the 
calculation of the average drift velocity of the dopants (see Supplementary Fig. S8c), which was determined to 
be 38 μm/s. Drift velocities of this magnitude are typical for charged dopants in metal oxide devices29. 
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Figure 4| Nano-oscillator characteristics and mode of operation. a, The voltage and current outputs of a CC-NDR 
oscillator with DC input Vs = 10V and RL = 100k Ω. b, Operation of the self-oscillating device. The oscillation begins at (I), 
in the equilibrium state. The insulator-to-metal transition begins at (II) and the current reaches a peak value at (III). At this 
point, the current induces a short-term depression (STD) in the memristor, which increases the voltage needed to maintain 
the Joule-heating (point (IV)). The device then undergoes a metal-to-insulator transition, now at a higher threshold voltage 
due to the STD, at (V) where the material reverts to the equilibrium state. c, Time-dependent I-V characteristics of a single 
oscillation. The hysteresis loop during the oscillation is shown inset. 
 
The hardware-implementation of neurodes should be possible using our ZTO-based memristors (Supplementary 
Fig. S9). Within the proposed neurode, the right-hand memristor would receive spike-based inputs from the 
other memristors, as in biological dendrites, and transmit a single voltage output. Similar circuits based on NbOx 
memristors
12
 have been reported but they exhibit only transient memory. Our memristors exhibit non-volatile 
memory, all the necessary functions for neurode operation and are compatible with transistor-free neuromorphic 
architectures. 
 
In summary, the neuronal properties of a ZTO/AgxO heterolayer memristor have been demonstrated. Short-term 
plasticity, long-term potentiation/depression and spike-timing dependent plasticity learning/memory functions 
have been described and explained by Ag
+
/O
-
 electromigration across an insulating Zn-Ag-O interface. 
Importantly, CC-NDR induced oscillations were observed in the same device. This discovery paves the way for 
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transistor-free neuromorphic architectures based solely on memristors, thereby enabling the next generation of 
non-von Neumann computing architectures. 
 
Methods 
Device fabrication 
A 70nm thick ZTO film was deposited onto a sapphire substrate from a reactive filtered cathodic vacuum arc 
(FCVA) with a substrate temperature of 150 
o
C in an O2-Ar ambient with partial pressures 1.4 mTorr and 0.7 
mTorr, respectively. Post-deposition annealing was performed for 1hr in air at 375 ̊C. Circular AgxO/Pt contacts 
of diameter 100μm2 were defined lithographically. The AgxO layer was deposited by FCVA at room 
temperature in an O2-Ar ambient with partial pressures 0.1 mTorr and 0.25 mTorr, respectively. The top Pt 
electrode was then formed by sputtering at room temperature before the devices were annealed in air at 300 
o
C 
for 1hr. Ohmic contacts were established to the top surface of the ZTO and served as the second electrode. 
Device characterisation 
The STEM-EDS/EELS analysis was performed using a field-emission TEM (Jeol 2100f) operating with an 
accelerating voltage of 200kV. Cross-sectional TEM samples were prepared using focused ion beam etching 
(FEI FIB Scios). The current-voltage (I-V) characteristics were measured using a Keysight B2902A 
semiconductor parameter analyser. The pulsed bias mode of the same instrument was used during STP, LTP, 
STDP and conductance modulation measurements with a current compliance of 1mA. The oscillatory behaviour 
of the device was measured using the test circuit (Supplementary Fig. S5) and an Agilent 54621A oscilloscope. 
All device measurements were performed at room temperature in air.  
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Supplementary figures 
 
 
Supplementary Figure S1| Structural analysis of ZTO deposited at 150oC onto silicon nitride membranes. a, Electron 
diffractogram of as-deposited and annealed ZTO films with calculated peak positions for single crystal ZnO (wurzite phase) 
and SnO2 (rutile phase). The broad peaks indicate a disordered, mixed amorphous phase. b, Reduced density functions G(r)
1 
calculated for the ZTO films from the corresponding experimental data in (a). After annealing at 375oC, the FWHM of the 
first-nearest neighbour peak reduced and bond length reduced from 2.02Å to 1.93Å. The reduction in bond length is 
consistent with densification.  
 
  
 
Supplementary Figure S2| Schottky emission characteristics of the memristor. The emission characteristics are 
consistent with those from a field-independent barrier. Since the resistivities of both the ZTO and AgxO were low (measured 
and found to be 0.21Ωcm and 0.02Ωcm at room temperature, respectively), these characteristics are due to the IL. The 
temperature dependent saturation current Is0 (shown inset) is dependent on the diffusion coefficient of carriers and is 
responsible for the increased conductivity at elevated temperatures observed in the devices. 
 
 
 
 
 
 Supplementary Figure S3| Room-temperature I-V characteristics of ZTO/AgxO memristors. a, Gradual conductivity 
decreases observed during successive 5V sweeps. b, The gradual conductivity decreases are more pronounced in the positive 
voltage regime. 
 
 
Supplementary Figure S4| Implementation of LTD in ZTO/AgxO memristor. The change in conductance when fifteen -
10V pulses are applied at 1s intervals (shown inset) is shown. Short-term depression is observed after each pulse, however, 
at the conclusion of the fifteen pulses a non-volatile reduction in conductance (from ~15μS to 2.8μS) is observed.  
 
 
 
Supplementary Figure S5| Nano-oscillator circuit diagram. The test circuit used to produce oscillatory voltage outputs 
from the ZTO/AgxO heterolayer devices. The output was measured using an oscilloscope connected across the device. 
 
 
 
Supplementary Figure S6| Changing the RC product of the nano-oscillator. a, V(t) for different values of RL. b, 
Enlarged view of V(t) for a single oscillation showing the increase in amplitude as the total circuit resistance decreases. c, 
Calculated resistance-dependent oscillation amplitudes for Pearson-Anson oscillators. f0 is the oscillation frequency and Cp is 
the parasitic capacitance in the measurement cables. 
  
Supplementary Figure S7| Current-controlled negative differential resistance. V-I characteristics of the device during a 
500μA sweep. 
 
 
 
 
 
 Supplementary Figure S8| CC-NDR model for ZTO/AgxO device. a, Calculated V-I curves for ZTO/AgxO device with IL 
thickness DIL = 10nm and DIL = 10.1nm. b, Corresponding experimental V-I characteristics during one oscillation c, 
Extended view of V-I characteristics with schematic of the model. 
 
 
 
Supplementary Figure S9| Neurode model. Schematic of proposed three-ZTO-memristor transistor-free neurode. 
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Chapter 6. Discussion, conclusions and further work 
This chapter provides a summary and discusses the major findings of this Thesis. Sections 1.1 to 1.4 provide a 
summary of chapters 2 to 5. Then the major findings of these chapters, hafnia thin films and memristive devices, 
are summarised and discussed in the context of previously published work. Finally, the conclusions of the thesis 
are presented and future studies are proposed. 
6.1 Structural and dielectric properties of energetically deposited hafnium oxide films 
In chapter 2, the structural and dielectric properties of hafnium oxide films deposited from a FCVA were 
presented and compared to those deposited under similar conditions using a low-energy PVD technique (DC 
magnetron sputtering). The films were deposited onto doped n-type Si wafers at room temperature and floating 
bias conditions. The compositions of both films were determined from XPS to be stoichiometric HfO2. The 
interfacial layers present in both samples (shown Fig. 1(a) & (b)) were determined by EDS to be stoichiometric 
SiO2. While both XRD and cross-sectional TEM images failed to show any signs of crystallisation in the HfO2 
prepared by either method, low-loss EELS from the film deposited by DC magnetron sputtering was indicative 
of monoclinic local bonding. EELS, which is more sensitive to local bonding than diffraction techniques, 
confirmed that the microstructure of the HfO2 deposited by FCVA was amorphous. The electron energy loss 
spectrum of the FCVA film is featureless with the exception of plasmon peaks and, importantly, there is no sub-
bandgap absorption. This is in contrast to the film deposited by DC magnetron sputtering, where peak (i) in Fig. 
1(c) is attributable to a high concentration of oxygen vacancies.  
The density of an insulator can be estimated using a free electron model from the position of its bulk plasmon 
peak. This procedure was applied to calculate the densities of the DC magnetron sputtered and FCVA HfO2 
films, which were determined to be 7.1 g cm
-3
 and 8.2 g cm
-3
, respectively. The higher density in the FCVA 
HfO2 results in an increased UV-visible refractive index. This is because electronic polarisation mechanisms 
dominate the dielectric response of materials in this spectral range. Oxygen vacancies are known to have lower 
mobility in bulk amorphous HfO2
132
.  It is therefore likely that oxygen vacancies diffused more readily towards 
grain boundaries in the less dense DCMS HfO2 to form electron percolation paths. The higher current leakage 
measured through this film supports this assertion. These optical and electronic effects highlight the importance 
of accessing the region of dense, amorphous thin film growth, shown in the generalised structure zone diagram 
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(Fig. 3 in 1.3.1.3). This is only achievable at moderate growth temperatures using an energetic deposition 
technique such as FCVA. 
The static dielectric constant of the FCVA deposited HfO2 was 17, consistent with its amorphous 
microstructure. The current leakage was measured to be ~10
-5
 A/cm
2
 at -0.5V for an EOT of 8.5nm. The current 
leakage in the DC magnetron sputtered HfO2 was three orders of magnitude higher at 0.15 MV/cm. The oxide 
charge density calculated from C-V measurements was 8.3 × 10
11
 cm
−2
. Polycrystalline films in which electron 
percolation paths have been established typically exhibit up to three orders of magnitude higher oxide charge 
densities
50
.  
6.2 Influence of nitrogen-related defects on optical and electrical behaviour in HfO2-xNx 
deposited by high-power impulse magnetron sputtering 
Chapter 3 presents the first substantive optical and electrical characterisation of hafnium oxide and oxynitride 
deposited by HiPIMS. Emphasis is placed on the effects that oxygen vacancies and other nitrogen-based defects 
have on the optical, electrical and microstructural properties in thin hafnia films. HfO2-xNx films were deposited 
onto doped n-type Si wafers at room temperature using a reactive HiPIMS system. Pulses of duration 140μs and 
amplitude 460V were applied at a frequency of 200Hz to the Hf metal target in an Ar-O2-N2 ambient of total 
pressure 5 mTorr. The N2 partial pressure was varied for each sample. XRD and AFM showed no evidence of 
crystallisation in films grown with N2, while the pure HfO2 film exhibited a monoclinic structure. While the 
substrate bias was ‘floating’ during deposition, the substrate potential was proportional to the plasma potential 
during pulses. As O2 is more readily ionised than N2, the substrate potential is dependent on the reactive gas 
mixture (Fig. 1(a)). Compressive stress peaks for thin films in most materials systems at ~50eV-150eV
73,133
, 
after which crystallisation will occur for amorphous films. The average deposition energy of the N0 sample 
(>150eV) is likely to have caused the crystallisation. 
XAS was used to investigate the local bonding in each of the samples. The O K edge NEXAFS confirmed N0 to 
be monoclinic, displaying seven-fold O coordination under a cubic symmetry, while each of the films grown 
with N2 were amorphous. It is important to note that XAS, like EELS, is more sensitive to local bonding than 
XRD and therefore more likely to reveal the dominant phase in nanocrystalline materials. A significant feature 
of the NEXAFS is the peak at ~528eV, which arises due to Ov in the films. This feature reduces in size with the 
addition of N2.  
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The N K edge NEXAFS reveals that the bonding states of the nitrogen are dependent on the gas mixture. Three 
bonding arrangements are observed (i) N2, (ii) interstitial NO and (iii) NHf.  While lower N2 pressure (and 
higher deposition energy) favours atomic N substitution for Ov (iii), comparison with the O K edge NEXAFS 
and the optical Eg shows this is not the most efficient mechanism for Ov passivation. Each of these bonding 
arrangements creates lower mobility defects than Ov. In the films grown with N2 these defects inhibited 
crystallisation. 
The refractive index of the films grown with N2 increased with increased N2 pressure. This dependency is 
attributed to increasing N2 interstitial incorporation, causing increasing electron density. The optical Eg for each 
of the films is  5.8eV, with only a 0.1eV reduction observed for the N50 film. This is due to the high 
concentration of N2 interstitials, which produce an optically active defect state 0.1eV below the oxygen vacancy 
state (see Fig. 4 in 1.3.1.4).  
Room temperature C-V and current leakage measurements were performed on the HfO2-xNx films. 
Lithographically patterned Pt contacts were placed on the films and dual Ohmic contacts to the underlying Si 
were established using thermally evaporated Al. The static dielectric constant, calculated from C-V 
measurements is higher for N0 (κ ~ 26) than N33 (κ ~ 12). This is partially due to the monoclinic structure of 
N0.  The amorphous nitrogen-incorporated N33 sample exhibits much higher breakdown field strength than the 
monoclinic HfO2 N0 sample. The linear form of the Poole-Frenkel plot confirms that Ov-assisted conduction is 
responsible for the high current leakage in N0, while the non-linear form of the N33 plot rules out this 
conduction mechanism in the nitrogen incorporated film. These results are consistent with the microstructural 
and XAS measurements.  
6.3 Memristor and selector devices fabricated from HfO2-xNx 
The synthesis technique developed in chapter 3 was used to fabricate HfO2-xNx-based memristive devices, 
reported in chapter 4. HfO2-xNx was deposited onto doped n-type Si substrates by HiPIMS. XAS revealed that 
films deposited without N2 (HfO2) exhibited a monoclinic microstructure, while those deposited with N2 
(HfO1.86N0.14) exhibited an amorphous microstructure. The HfO1.86N0.14 was annealed in air at 600
o
C to achieve 
a common microstructure with the HfO2 device. Memristors were formed by placing lithographically patterned 
Pt electrodes onto the films, with the Si substrate acting as the bottom electrode. 
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I-V measurements collected during 5V sweeps show that the HfO2 memristor, revealed by XAS to have a high 
density of Ov, exhibited hysteresis loops and a gradually increasing conductance during successive sweeps. This 
behaviour was not observed in the HfO1.86N0.14 memristor. This was attributed to the passivation of Ov by 
nitrogen. However, threshold switching behaviour was observed during a 15V sweep.  
STP and LTP learning/memory functions were implemented using the HfO2 memristors. The memory relaxation 
time during STP was inversely proportional to the interval between voltage pulses, consistent with previous 
reports
102
. LTP was dependent on the applied electric field and perhaps counter-intuitively, occurred at lower 
field strength (5 MV/cm). This effect is explained by the interaction of Ov with grain boundaries. The diffusion 
activation energy is lower towards grain boundaries, where segregation of Ov can form percolation paths, 
inducing a non-volatile conductivity increase. LTP was absent with higher applied fields (6.67 MV/cm) because 
the activation energy for diffusion away from grain boundaries was exceeded, causing the percolation paths to 
be interrupted. 
The V-I characteristics of the HfO1.86N0.14 device revealed CC-NDR. The mechanism was investigated by fitting 
the V-I curve with the insulator-to-metal transition (MIT) model of Pickett
114
. This model was subsequently 
used to predict the V-I characteristics for several active layer thicknesses. It was found that Vth downscales 
linearly for reduced HfO1.86N0.14 layer thickness. The switching characteristics of the selector device could be 
tuned to suit those of a memristor by altering the HfO1.86N0.14 thickness. 
6.4 Synaptic plasticity and oscillation in metal oxide memristors 
Chapter 5 reported on the fabrication of ZTO/AgxO memristive devices deposited by FCVA. The ZTO film was 
deposited onto sapphire with a substrate temperature of 150 
o
C in an O2-Ar ambient. Films were annealed post-
deposition for 1hr in air at 375C̊ to increase their conductivity (carrier concentration raised to 5 x 1015 cm-3 to 2 
x 10
18
 cm
-3
). Circular AgxO/Pt contacts were defined lithographically. The AgxO layer was also deposited by 
FCVA at room temperature, while the Pt capping layer was deposited by sputtering. The devices were then 
annealed in air for 1 hr at 300
o
C. The devices exhibited both synaptic learning/memory functions and, when 
connected in a series circuit with a load resistor, also mimicked the spiking behaviour of Hodgkin-Huxley 
axons. 
Cross-sectional TEM of a bias stressed device revealed an interfacial region (IL) that was determined to be 
comprised of Zn, Ag and O in varying concentrations along the interface by EDS. The IL Schottky emission 
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characteristics, determined by I-V measurements, were consistent with those from a field-independent barrier 
that could not be attributed to either the ZTO or AgxO layers. HAADF images show bright regions that are Ag-
rich and likely to be areas of higher conductivity. It was concluded that memristance observed in the devices 
was due to Ag
+
 electromigration across the dielectric IL. 
Several learning/memory functions were observed in the devices. STP and LTP were implemented using 10V 
pulses at intervals of 20s and 2s, respectively and importantly, the anti-symmetric Hebbian learning rule was 
also observed. This type of conductivity modulation relationship provides a rubric to assess how the device will 
perform with multiple inputs. 
The key novelty of chapter 5 is the observation of the aforementioned learning/memory functions and the 
threshold switching-induced voltage oscillations that mimic Hodgkin-Huxley axons in a single device operating 
above room temperature. Any threshold switching device will act as a van der Pol oscillator when connected in 
parallel with a reactive element and supplied with sufficient DC bias
114
. Here, the reactivity was supplied by a 
100kW load resistor and the parasitic capacitance of the test circuit cabling (~200pF). Uniform, periodic voltage 
oscillations were observed when a 10V DC bias was applied, with switching energy of 50pJ and switching time 
of <200ns. While these values are already competitive with most transistor-transistor logic circuits, it is likely 
that they can be improved by reducing the thickness of the active layer.  
6.5 Summary of hafnia deposition conditions, properties and devices 
This project aimed to investigate the optical and electronic properties of energetically deposited wide-band gap 
metal oxides. Due to its potential applications in optical components and adoption in industry for high-κ 
dielectric applications, hafnium oxide was studied in depth. The optical and electronic behaviour of hafnia-
based thin films was proven to be determined by the microstructure and defects of the deposited material. The 
energetic PVD techniques used in this study proved suitable for the synthesis of high quality hafnia for device 
applications. Chapter 2 described the deposition of HfO2 by FCVA, which produced the highest refractive index 
reported in this thesis. While the dielectric constant of this amorphous HfO2 (17) was far exceeded by 
monoclinic HfO2 grown by HiPIMS (26), the current leakage in the former was approximately 5 times lower at -
0.5V (10
5
 A/cm
2
 versus 5 x 10
5
 A/cm
2
) for EOTs of 8.5nm and 16.0nm, respectively. 
The inability of most thin film deposition techniques to synthesis single crystal layers naturally focuses efforts 
to minimise current leakage in high-κ materials onto amorphous layers. Anders’ structure zone diagram (Fig. 3, 
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chapter 1.2.1.1.3) clearly shows the low-temperature, moderate energy zone for which amorphous layers are 
most likely to grow. The region of maximum compressive stress is centred in this zone. Deposition at higher 
energy has been shown to result in crystallisation in other materials systems
134
. We have shown recently that the 
ionisation state populations of sputtered Hf in HiPIMS (doubly or singly ionised) are gas pressure dependent, 
with total pressure >3.5mTorr favouring doubly ionised Hf
135
 (see appendix 2). From Fig. 1(a) in chapter 3, we 
can see that the substrate potential during HfO2 deposition is -140V, so it can be expected that the energy range 
for depositing ions will be very high (>>100eV). In chapter 2 however, the substrate potential during FCVA 
deposition was -30V and considering that the kinetic energy of Hf ions ablated by FCVA is ~79eV
136
, the 
average energy of depositing ions will fall in the zone of maximum compressive stress (~50-150 eV). These 
observations explain the microstructural differences between HfO2 deposited using the two energetic deposition 
techniques. The difference in current leakage between HfO2 deposited by FCVA and HiPIMS is directly related 
to the differences in microstructure with segregation of Ov at grain boundaries occurring most significantly in 
the HiPIMS films. 
The current leakage through monoclinic HfO2 films deposited by HiPIMS was higher than through amorphous 
HfO2-xNx films. In chapter 3, HfO2-xNx (deposited with gas pressure N2 = O2 = Ar = 1.66 mTorr) exhibited 
current leakage of 10
5
 A/cm
2
 at -0.7V and EOT 20.8nm, with a dielectric constant of 12, which was an order of 
magnitude less than HfO2 at the same bias. The HiPIMS-deposited HfO2-xNx provided lower current leakage 
compared to HfO2 deposited by FCVA at -0.7V (1 x 10
-5
 A/cm
2
 and 5 x 10
-5
 A/cm
2
, respectively). However, the 
EOT of the HfO2-xNx is much thicker (12.3nm) largely due to the lower κ. In fact, despite the passivating effects 
of nitrogen incorporation, C-V measurements show that this film has an estimated oxide charge density of 2.58 x 
10
12
 cm
-2
, which is approximately 3 times higher than the FCVA HfO2 and comparable to the HiPIMS HfO2 
(3.87 x 10
12
 cm
-2
). Based on these observations, the major factor determining the magnitude of current leakage 
in hafnia films is the microstructure and the percolation paths formed by Ov at grain boundaries. 
The lowest current leakages reported here are within an order of magnitude of HfO2 deposited by the renowned 
high quality thin film growth techniques MOCVD and  MBE (10
-6
 A/cm
2 
at -1V)
61,72
. Comparable results have 
been achieved previously in HfO2 deposited by FCVA
79
. However, PLD and ALD produce films which have 
several orders of magnitude lower current leakage
64,77
. FCVA and HiPIMS do have advantages over each of the 
techniques listed. They offer far larger deposition rates and significantly larger substrate area capability than 
PLD. No harmful precursor/by-product gases are involved in the synthesis methods and all of the films were 
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deposited without intentional substrate heating, which is in contrast with PLD, MOCVD and MBE methods. 
This makes the energetic deposition techniques used here economically attractive and scalable for industrial 
scale manufacturing.  
6.6 Summary of memristive devices 
The memristive properties of two materials systems were investigated: HfO2-xNx and ZTO/AgxO heterolayers. 
There are few appropriate metrics by which memristors can be compared to one another. Historically, there have 
been comparisons drawn between memristive and ReRAM devices based on retention times for binary memory 
states. However, the potential for utilising metastable memristive states to emulate short-term synaptic dynamics 
has recently been realised
101,102,137
. The short-term memory dynamics are very different for each of the 
memristive systems reported in this project. For the memristor formed on HfO2 deposited by HiPIMS pulses 
must be supplied every 200ms to achieve a memory relaxation time of 0.45s, while the STP response in the 
ZTO/AgxO memristor converts to LTP at this frequency. Although the short-term memory retention is far 
greater in the ZTO/AgxO memristors (albeit when implemented using 10V pulses), for high speed spatio-
temporal computations, the HfO2 memristor is likely to be favourable since it will not reach an equilibrium state.  
Non-volatile applications may favour the use of the ZTO/AgxO memristors. The conductance in the HfO2 may 
be modulated over a far greater range using sequential 1V-10V pulses (Gmax/Gmin = 1.40 and 1.17 for the HfO2 
and ZTO/AgxO memristors, respectively). However, the training of the ZTO/AgxO memristor is made relatively 
simple by the ability to implement LTP at low frequencies. 
The major advantage and point of distinction between the two memristors is the CC-NDR observed in the 
ZTO/AgxO memristors, allowing these devices to supply AC voltage inputs to adjacent devices in a nanoscale 
array at room temperature. This behaviour has been predicted and has also been demonstrated in MOM TiOx 
devices at 150K
114
 but at the time of publishing, the ZTO/AgxO device is unique in its ability to display both 
memristance and CC-NDR at room temperature. 
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6.7 Key areas of novelty and contributions to the field of research 
6.7.1 Optical and electrical characterisation of HfO2 deposited by FCVA 
While preliminary work by Field et al demonstrated low current leakage from HfO2 deposited by FCVA
79
, the 
lack of in-depth electrical and optical characterisation limited the conclusions that could be drawn and 
comparisons with materials deposited by competing techniques. Characterisation using C-V, low-loss EELS and 
spectroscopic ellipsometry presented in chapter 2 provides convincing evidence of the advantages offered by 
energetically deposited films over those deposited using conventional low energy PVD methods. 
6.7.2 Passivation of oxygen vacancies using N2 during reactive HiPIMS 
Hafnium oxynitride thin films were synthesised by HiPIMS for the first time with the objective of removing the 
Ov defect states responsible for creating electron percolation paths and optical absorption. XAS was employed to 
investigate the local bonding arrangements of HfO2-xNx, deposited with and without N2. It was revealed that 
several nitrogen-containing compounds could effectively passivate Ov states, which had been predicted by DFT 
calculations previously
138
, and that the optical band gaps measured were not reduced significantly by nitrogen 
incorporation. The morphology of the films was also shown to become significantly smoother, accompanied by 
an increase in refractive index with increasing nitrogen incorporation. This work will be of interest to the 
microelectronics industry, who seeks low-cost, high throughput methods of fabricating gate insulators with κ 
>10, high electric breakdown field strengths and sufficient band offsets with Si (>1eV) – all qualities satisfied 
by HiPIMS-deposited HfO2-xNx. Optical interference coating research and manufacturing will also benefit from 
the development of these high optical bandgap, high refractive index films with low surface roughness.  
Additionally, the use of these films in memristor applications is likely to impact the future design of 
memristor/selector heterolayer devices. Inducing CC-NDR in a memristive material by passivating defects in a 
thin film is a simple and elegant fabrication method for selector devices. To the author’s knowledge, chapter 4 
contains the first report of CC-NDR in a hafnia-based device. 
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6.7.3 Nanoscale voltage oscillations and emulation of synaptic behaviour in ZTO/AgxO 
devices above room temperature 
As stated, the coexistence of threshold voltage switching and memristance in ZTO/AgxO devices above room 
temperature presents an opportunity to realise simple, power efficient and reliable transistor-free computing 
architectures. Chapter 5 presents the first demonstration of a device capable of violating the dichotomy of these 
hysteretic conduction mechanisms without cooling. The development of future ANNs and ReRAM is likely to 
significantly benefit from this discovery. 
6.8 Conclusion 
Energetically deposited dielectric metal oxide thin films have been structurally, optically and electronically 
characterised. The films have also been incorporated in metal/oxide/metal devices for use as high-κ gate oxide 
materials and memristive devices.  
Thin films of HfO2 have been energetically deposited from a FCVA at room temperature and were found to 
exhibit higher density and significantly lower current leakage than HfO2 deposited by conventional, low energy 
PVD techniques. C-V measurements performed on the FCVA HfO2 film revealed a low threshold voltage shift 
(ΔVFB = 0.60 V) corresponding to low fixed oxide charge density (8.3 × 10
11
 cm
−2
). A wide optical bandgap of 
6.0 eV and high refractive index of >2.1 in the visible spectrum were also observed. The excellent optical and 
electrical properties of the FCVA deposited HfO2 are attributed to film densification caused by the energetic 
depositing flux. 
HfO2-xNx films have been energetically deposited by HiPIMS. The passivation of Ov defects by nitrogen and 
local bonding of the resultant films was investigated by X-ray absorption spectroscopy. It was found that Ov 
densities in HfO2-xNx films decrease with increasing N2 partial pressure during deposition. Passivation was 
achieved by atomic nitrogen substitution and N2 interstitials at the Ov site. The incorporation of low mobility 
interstitial species inhibited crystallisation. These effects combine to greatly reduce electron leakage paths in the 
films resulting in high breakdown strengths. The refractive indices of HfO2-xNx films were found to be 
dependent on N2 pressure during deposition. Increases in the refractive index were attributed to high densities of 
N2 interstitials. The substitution of atomic nitrogen for Ov did not significantly reduce the optical bandgap, 
allowing sufficient band offsets for the HfO2-xNx films to be used as an effective gate dielectric. 
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The resistive switching mechanisms in memristors formed on monoclinic HfO2 and HfO1.86N0.14 films deposited 
by HiPIMS were investigated. Gradual conductance modulation, STP and LTP were implemented in HfO2 
memristors with high Ov densities using voltage-spike stimulation, suggesting suitability for electronic synaptic 
applications. The switching dynamics of the HfO2 memristor are explained by the interactions of Ov with grain 
boundaries. The passivation of Ov defects by nitrogen in the HfO1.86N0.14 film was confirmed by XAS. The 
HfO1.86N0.14 memristor exhibited threshold switching and CC-NDR. Numerical modeling showed this behaviour 
to be Joule heating-induced. These findings suggest simple bilayer selector/memory cells could be fabricated 
from hafnia heterolayers. 
The neuronal properties of a ZTO/AgxO memristor fabricated by FCVA have been demonstrated. STP, LTP and 
STDP learning/memory functions have been described and explained by Ag
+
/O
-
 electromigration across a 
dielectric interfacial layer. Importantly, CC-NDR induced oscillations were observed in the same device above 
room temperature. This discovery paves the way for transistor-free neuromorphic architectures based solely on 
memristors, thereby enabling the next generation of non-von Neumann computing architectures. 
6.9 Future work 
6.9.1 Characterisation of cross-bar arrays constructed from HiPIMS-deposited hafnia 
heterolayer selector/memory cells 
The selector/memristor devices, characterised in isolation in chapter 4, need to be incorporated into ANNs, for 
instance a Hopfield network, in order to explore their computational abilities. Associative memory processes, 
such as pattern recognition can then be tested. Hopfield networks based on HfO2 memristors have previously 
been demonstrated
25
. However, these devices were not interfaced with a selector element and experienced high 
error rates for many processes when the stored resistances exceeded a characteristic tolerance. This 
demonstrates the importance of maintaining the programmed resistance and the deleterious effects of partial 
biasing. The incorporation of HfO1.86N0.14 selectors could reduce the error rate of Hopfield networks. 
6.9.2 Synthesis of advanced high activation energy memristive materials for ANNs 
Data retention is achievable in ANNs because the long term volatility to switching speed ratios in memristors 
can reach >1:10
10
 due to the highly nonlinear ionic drift velocity of impurities. However, as the internal fields in 
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the devices are dependent on the device conductivity, the state retention times are not constant among the nodes 
within an ANN matrix. Retention variability presents a significant hurdle to the realisation of large scale ANNs. 
However, it has been shown theoretically that, even in the presence of a significant continual electric field, year-
scale retention can be achieved provided large activation barriers are in place to prevent ionic diffusion
132
. It is 
therefore likely that, just as improvements have abounded for complementary metal oxide semiconductor 
(CMOS) devices, control of doping with appropriate impurities and defects will allow significant performance 
gains to be made in memristive materials. Dopants with high activation energy, resulting in extremely non-linear 
drift velocities, will allow ultrafast write times and stable, long-term data retention in ANNs. The added 
reliability of devices will ultimately lead to the realisation of highly efficient, hardware-implemented ANNs. 
Future work will focus on measuring the switching speeds, retention times, short-term dynamics and activation 
energies of intentionally doped memristive materials. 
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Appendix I: The role of pulse length in target poisoning during reactive 
HiPIMS: application to amorphous HfO2 
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1. Introduction
In high power impulse magnetron sputtering (HiPIMS) [1–3], 
high power pulses at low duty cycle are applied to a conven-
tional magnetron cathode, ionizing the sputtered species by 
creating dense plasma during the pulses [4] while maintaining 
average power at a moderate level to avoid overheating of the 
target [5]. A significant fraction of the target material is ion-
ized [6, 7], allowing HiPIMS to produce films with excellent 
properties including high density, crystallinity and controlled 
grain size [1, 8]. The conversion of a conventional dc mag-
netron sputtering (DCMS) system to HiPIMS is straightfor-
ward and is achieved by replacing the dc power supply with a 
pulsed high power dc supply.
The use of HiPIMS for reactive deposition of compound 
layers, such as oxides and nitrides, is still under development. 
In reactive sputtering, it is necessary to control the growth 
of compounds on the target surface (also known as target 
poisoning), as these modify the behaviour of the plasma. 
Feedback control is usually required to avoid instability in the 
process and consequent variability in the stoichiometry of the 
deposited layers. The high target power density inherent in 
HiPIMS offers the potential to control the growth of the poi-
soned layer on the target surface [9]. Control of the voltage 
rather than the flow of reactive gas has been demonstrated 
as an effective way to minimize target poisoning in reactive 
HiPIMS deposition of NbOx films [9]. Several studies [10–
13] have been undertaken to minimize the instabilities arising 
from target poisoning in HiPIMS, including the use of feed-
back control to adjust the flow rate and the partial pressure of 
the reactive gas [14–18]. In this study, we investigate whether 
tuning the high voltage pulse length in HiPIMS can negate the 
need for feedback control. To support our investigation, we 
study how the distribution of target poisoning on a hafnium 
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cathode operating in the presence of oxygen is affected by 
changes in the pulse length and incorporate the observations 
into a model for HiPIMS reactive sputtering.
Owing to its transparency, high refractive index, excellent 
chemical and thermal stability, HfO2 has applications as an 
optical coating [19]. HfO2 also has applications as a high-k 
gate dielectric in complementary metal oxide semiconductor 
(CMOS) devices [20]. In crystalline HfO2, high concentra-
tions of positive oxygen vacancies can segregate to grain 
boundaries and establish percolation paths for electron tunnel-
ling, leading to high gate current leakage [21]. In amorphous 
high-k materials, these percolation paths are not observed [22, 
23], so it is more desirable for electronic applications than 
the crystalline form. Synthesizing high quality amorphous 
HfO2 films has been challenging for chemical and atomic 
layer deposition processes because of the incorporation of 
trace impurities including carbon and hydrogen [24, 25]. To 
date, there is only one work investigating the HiPIMS deposi-
tion of HfO2 [26] and that work describes the deposition of 
crystalline HfO2 material. In light of its important optical and 
electronic applications, HfO2 has been selected for this study 
of reactive HiPIMS.
2. Materials and methods
Reactive HiPIMS of hafnium was performed in a stainless 
steel cylindrical vacuum chamber (diameter 60 cm, height 
45 cm) fitted with four magnetron guns (ATC 1800-F, AJA 
International, USA) one of which was fitted with a Hf target. A 
schematic of the experimental apparatus is shown in figure 1. 
The deposition chamber was evacuated by the turbomolecular 
pump (1003LM, Shimadzu) backed by a dual stage rotary 
vane pump (Adixen 2005SD, Alcatel). Before transferring the 
sample into the vacuum chamber from the load lock system, the 
latter is pumped down to the pressure of 1   ×   10−7mTorr using 
a turbomolecular drag pump (TMH 071-P, Pfeiffer) backed by 
a dual stage rotary vane pump (Adixen 2005SD, Alcatel). A 
99.995% pure Hf target of 76 mm diameter and 5 mm thick-
ness was used (Kurt J Lesker, USA). The magnetron was used 
in the unbalanced mode with a magnetic field strength on the 
target surface of 5000 gauss. The magnetron was powered by 
a RUP7 high power pulse generator (GBS Elektronik GmbH, 
Dresden, Germany). In this device, the approximately square 
voltage pulses are initiated and terminated by switching a 
capacitor bank to a load using insulated-gate bipolar transistor 
(IGBT) switches. The RUP7 unit is capable of delivering a 
maximum voltage of 1000 V at a maximum current of 400 A. 
The maximum pulse width is limited by the stored energy in 
the 9 mF capacitor bank in the supply so that for example, 
when a 400 A current is drawn over a 5 ms pulse, a voltage 
drop of 200 V occurs. In our experiments, pulses of constant 
voltage ~460   ±   3 V were applied, with pulse lengths ranging 
from 80 to 200 µs, at 100 Hz, corresponding to duty cycles of 
0.8% and 2% respectively and maximum currents in the range 
80 to 140 A. The system pressure was maintained at 2.0 mTorr, 
in a mixture of argon (purity 99.997%) and oxygen (99.997%) 
gas, supplied at equal flow rates of 15 sccm. When the Hf 
target was sputtered in pure argon, the target voltage had to be 
raised to 640 V to achieve a sustained discharge, while keeping 
all other parameters constant. A digital oscilloscope (Agilent 
DSO-X 2014-A) recorded and stored the voltage and current 
signals. The substrate (a disk of B-doped Si 100  with diam-
eter 10 cm) was connected to ground through a 90 µF capacitor 
to allow the substrate to develop a self-bias. During the first 
few discharges of a deposition run the excess electron current 
to the substrate charged the capacitor to a potential (~  −16 V) 
such that the net charge flowing to the substrate integrated 
over the subsequent pulses was zero.
Optical emission spectroscopy (OES) was used to mon-
itor the plasma species between the target and the substrate 
(approx. 7 cm above the target) with line-of-sight observation 
perpendicular to the discharge axis using an Acton Research 
Corporation SpectroPro 2750 spectrometer. The spectra were 
acquired for an acquisition time of 250 ns, with the frame 
intervals of 7 µs. At each time point, the emission intensity is 
averaged for 50 pulses.
Films were deposited at a target to substrate distance of 
22 cm with a target angle of 30° for 75 min. The thickness 
and optical properties of the films were determined using 
a spectroscopic ellipsometer in the wavelength range of 
192.5–1000 nm (2000D, JA Woollam Co.). Complementary 
thickness measurements were made using a stylus profilom-
eter (KLA Tencor) with a vertical resolution of 0.5 nm. X-ray 
photoelectron spectroscopy (XPS) was performed using a 
Thermo Scientific K-Alpha spectrometer with an Al Kα 
source (1486.7 eV). X-ray diffraction (XRD) patterns of haf-
nium oxide films deposited on silicon substrates by HiPIMS 
were collected at angles between 20° and 60° using a Bruker 
D4 Endeavour x-ray diffraction system with a Cu Kα source. 
Surface morphology was probed using a Dimension 3100 
atomic force microscope (AFM) operating in tapping mode. 
The contact angle of a water droplet (volume 45 µl) on the 
films was measured using a drop shape analyser (DSA100, 
Krüss, Germany), with a camera of 780   ×   580 pixels/inch for 
imaging. The target surface resistance was measured using 
an Agilent U1233A model multimeter in resistance mode 
(two probe method) fitted with spring enabled flat tip testing 
probes with a tip diameter of 1.52 mm (IDI Model: SH100).
The framing streak camera (Hamamatsu C4187) with a 
framing unit (M4189) and a 35 mm Nikon lens was set up 
to image the time-resolved emissions from plasma processes 
by viewing the target plasma obliquely from above. Eight 
images, separated in time, were taken over a single HiPIMS 
pulse. The exposure time was 50 ns at a 5 µs frame interval. 
Varying delays to the start of image acquisition were set from 
the positive slope of the 5 V trigger signal from the pulse gen-
erator that was used to trigger the HiPIMS discharge.
3. Results
Figure 2 shows the target voltage and discharge current wave-
forms for reactive HiPIMS as a function of the pulse length 
(τP) which was varied in the range 80–200 µs. The voltage 
pulses show oscillations prior to ignition of the discharge, 
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which persist for a longer time at longer τ .P  The discharge cur-
rent begins to rise after ignition and the voltage oscillations 
stop. The time delay between the application of voltage and 
the current onset (defined as the rise time to the value of 2 A 
and referred to as the ‘time lag’) is reproducible and increases 
with τP as shown in figure 2(b). Figure 2(b) also shows that the 
current rise becomes more gradual, as τP increases. The target 
voltage and discharge current drop to zero within ~ 9–11 µs of 
the HiPIMS pulse shut off.
Figure 3 shows the peak current and the time lag between 
the application of voltage and the current onset as a function 
of τP. The highest current value occurs at τP of 120 µs and the 
Figure 1. A schematic diagram of the HiPIMS system used to deposit HfO2 films. The spectrometer used to acquire time resolved optical 
emission spectra from the plasma and the framing streak camera used to observe the target surface are also shown. Arrows indicate signal 
input pathways.
Figure 2. (a) Waveforms of magnetron target voltage as a function 
of time. The damped oscillations at the leading edge of the voltage 
pulse arise from the power supply. (b) Magnetron target current 
as a function of time during reactive sputtering with τP from 80 to 
200 µs.
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peak current value decreases at longer τ  P. The time lag, how-
ever, continues to rise as τP increases.
The dissipated power is a useful parameter for evaluating 
the efficiency of a deposition process. We use three different 
ways of assessing power in HiPIMS as shown in table 1. The 
peak instantaneous power is ImaxV, where Imax is the maximum 
value of the current during a pulse and V is the applied voltage. 
The time average target power density, PAv, is given by
∫=P
T A
V I t 
1
 
  .d
t
T
T t T tAv
0
( ). ( ) (1)
where f is the frequency of HiPIMS operation (100 Hz), 
T = 1/ f = 10 000 µs is the pulse period and A   t  is the total 
target area (45.6 cm2). The average on time target power den-
sity, P  ,On  is given by
∫τ=P A V I t 
1
 
. d  
t
T
T t T tOn
On 0
( ) ( ) (2)
where τOn is the time during which both voltage and current 
are non-zero. Table 1 shows that, although PAv increases with 
τP, POn decreases for τP  >  120 µs which we attribute to the 
longer time lag and lower discharge current relative to shorter 
pulses.
The time-resolved net (electron and ion) current collected 
at the substrate is shown in figure 4(a). The maximum in the 
net negative current (interpreted as a net electron current) 
drawn during the pulse is indicated by the downward blue 
arrows. When, and only when, the pulse is terminated (at the 
time indicated by the marker ^), a positive substrate current 
appears and rises to a maximum (indicated by the upward 
green arrows). We interpret a net positive current as a net ion 
current. In contrast, when the Hf target is operated in pure 
argon (non-reactive sputtering), net ion current is observed 
during the HiPIMS pulse and its onset occurs at the same 
time that the target current begins to decrease (see inset in 
figure 4(a)).
Figure 4(b) shows the peak net positive current (dominated 
by ions) as a function of τ .P  There is a feature at 120 µs where 
the current reaches a temporary plateau, before increasing 
again at 200 µs. By contrast, in non-reactive sputtering (not 
shown), the peak net positive substrate current does not 
change with τ  P, maintaining a value of approximately 2.2 A.
Figure 4(c) compares the variation of substrate potential 
as a function of time for a range of τP during reactive (upper) 
and non-reactive (lower) operation. In the case of reactive 
HiPIMS, the substrate potential becomes increasingly nega-
tive during the pulse, whilst for the non-reactive mode, a peak 
in the  negative potential occurs during the pulse. In the reac-
tive case, the magnitude of the negative peak in the substrate 
potential increases almost linearly from ~  −  60 V to ~  −  120 V 
as the τ  P increases from 80 to 200 µs. The large excursion 
in substrate bias over the course of the pulse will influence 
ion bombardment during film growth and this should be 
taken into consideration when interpreting its effect on film 
microstructure.
Figure 5 shows the time-resolved intensity of three emis-
sion lines (neutral Hf (Hf I), singly ionized Hf (Hf II) and 
neutral atomic oxygen (O I)) observed in the optical emission 
spectra for three different τP. Although the optical emission 
peak intensities are not a direct indication of the population of 
species in the plasma, the ratios of line intensities of the ions 
and neutrals of gas and sputtered metals do enable estimation 
of the relative populations when emission lines with compa-
rable upper level energies are used. The overall intensity of 
emission from all species increases with τP, while the emission 
line intensity ratio of Hf II to the Hf I increases more strongly 
with τP. This implies that longer pulses produce a relatively 
larger population of ions. Strong +Ar  lines also appeared for 
all τ  P  (not shown).
Figure 6 shows images of the Hf target operating in reac-
tive mode viewed obliquely from above, taken at the various 
times after the pulse was initiated, for three different τ .P  Areas 
of localized high intensity, termed ‘spokes’, can be observed, 
similar to those previously reported for non-reactive sput-
tering [28]. The spokes are concentrated at several locations 
around the racetrack. In longer pulses (eg. 200 µs), the spokes 
are more clearly defined than in shorter pulses. The delay 
in the formation of the discharge as a function of τP is also 
clearly shown in figure 6.
XRD diffractograms taken from the HfO2 films featured 
only broad diffraction peaks indicating the amorphous nature 
of the films. XPS survey spectra of the films showed no impu-
rities except small amounts of surface carbon. Figure  7(a) 
shows high resolution scans of the Hf 4f peak for the films 
deposited for four different τ  P. For τ  P  up to 140 µs, the peaks 
can be resolved into doublets consisting of f4 5/2 at 19.9 eV and 
f4 7/2 at 18.2 eV (figure 7(b)), consistent with stoichiometric 
HfO2 [29]. For τ  P   ≥  160 µs, additional peaks appear at binding 
energies (16.85 eV and 18.6 eV) (figure 7(c), which are attrib-
uted to sub-oxides of HfO2 [30].
Table 1. Three representations of the power dissipated, shown as a function of pulse length.
Pulse length τP ( µs)
Instantaneous peak 
power ImaxV (W)
Time averaged power per unit 
area of target PAv (W cm−2)
Power per unit area of target averaged 
over current on-time POn (W cm−2)
80 51000 1.60 356
100 56800 2.05 342
120 64700 3.62 479
140 62500 3.93 469
160 58100 4.31 424
180 52800 4.16 391
200 54600 4.63 402
Note: The calculation of each quantity is discussed in the text.
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Figure 8(a) shows the refractive index (n) and the extinction 
coefficient (k) as a function of wavelength of the film depos-
ited at τP = 140 µs determined from spectroscopic ellipsometry 
using an optical model with layers HfO2/SiO2/c-Si (1 0 0). The 
optical constants of the crystalline silicon substrate and native 
silicon dioxide (SiO2) layer were taken from the literature and 
were fixed during the fitting process. The thicknesses of the 
SiO2 required for a good fit were found to lie in the range 
of 1.6–1.8 nm. The thicknesses of the HfO2 films determined 
from the optical model were consistent with the profilometry 
measurements as shown in figure 8(b). The optical bandgaps 
of the HfO2 films were found by extrapolating the linear fit 
performed around the inflection point of plots of (αhν)2 versus 
E(hν) [31, 32], where ‘α’ is the absorption coefficient and ‘hν’ 
is the photon energy. Figure 8(b) shows the optical bandgaps 
plotted as a function of τP. At longer pulses (τP  >  140 µs), a 
reduction in the optical bandgap is observed, consistent with 
the increasing sub-stoichiometry previously measured by 
XPS (see figure 7(a)).
The surface roughness of the films determined from AFM 
images and water contact angle measurements (obtained 
using the sessile drop method) are shown as a function of τP in 
figure 9. The films were mildly hydrophilic with their contact 
angle reaching a maximum of 88° for τP = 140 µs. The fact that 
the rougher films are comparatively more hydrophobic than 
the smoother films indicates that the changes in roughness are 
not dominant in determining the trends in water contact angle, 
as roughness typically exaggerates existing wettability char-
acteristics [33]. Contact angles on the films deposited with τP 
of 140 µs and below are higher than those on films deposited 
with τP greater than 140 µs. It is likely that the reduction in 
water contact angle on films deposited with pulses longer than 
140 µs is surface chemistry driven, induced by the presence of 
sub-oxides (see XPS in figure 7(a)).
Measurements of electrical resistance as a function of dis-
tance from the middle of the target racetrack on the Hf target 
after deposition at three different τP are shown in figure 10. 
The measurements show an increase in the resistance towards 
the edges of the racetrack. After the target was operated at 
longer τ  P, there is a decrease in resistance in the racetrack 
region compared to operation at short τ  P. These measure-
ments indicate the distribution of oxides on the surface of the 
target and shows that the τP modifies their distribution.
4. Discussion
The results presented above suggest a τP-dependent transition 
in HiPIMS operation from a poisoned or oxide covered target 
mode to a quasi-metallic mode in which there is residual/
partial oxide coverage. Figure 11 shows a schematic model 
of the target surface that proposes varying degrees of target 
poisoning during long and short pulse HiPIMS operation. 
The oxide thickness varies across the surface of the racetrack 
region of the target in a manner that depends on τP. The plots 
at the centre of the figure show the target current as a function 
of time during the pulse for the shortest (τP = 80 µs) and the 
longest (τP = 200 µs) pulses. The four insets show the cross 
Figure 4. (a) The time evolution of the net (electron and ion) 
current collected at the substrate for various τ  .P  The downward 
blue arrows indicate the peak in substrate net electron current 
during reactive deposition. The upward green arrows indicate the 
peak in the net ion current. The inset (a) shows the time-resolved 
net substrate current (lower) and target current (upper) collected 
while operating a Hf target in the absence of oxygen at 640 V. Note 
the ‘peak before plateau’ appearance of the current trace, which is 
evidence for gas rarefaction [27]. The symbol ^ indicates the end 
of each voltage pulse. (b) The peak value of the net ion current as a 
function of τ .P  (c) The time resolved substrate potential for various 
τP for reactive HiPIMS (upper) and non-reactive HiPIMS (lower). 
The shortest and longest τP are indicated.
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sections  through the racetrack region of the target with the 
oxide layer at different times through the pulse indicated by 
the respective arrows. Operation at longer pulses reduces the 
oxide thickness, especially in the racetrack region where most 
of the ion bombardment and secondary electron emission 
occurs.
Our model is supported by the measurement of the surface 
resistance shown in figure  10. The target operates between 
fully oxidized and quasi-metallic modes and can be shifted to 
a desired operating point between these extremes by adjusting 
the τ  .P  During each pulse, the deposition begins in poisoned 
mode, that is, with an oxide covered target, to varying degrees 
Figure 5. Time resolved OES spectra collected during reactive HiPIMS at three values of τP showing the emission intensity in arbitrary 
units from neutral and singly ionized Hf and from atomic oxygen. The upper level energy of the corresponding transition is also given along 
with emission wavelength.
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with shorter pulses corresponding to the thicker oxide layer. 
We assume that this oxide layer builds up in between pulses. 
The key differences between an oxide covered and a metallic 
target surface that affect the operation of the discharge are in 
the secondary electron emission coefficient, resistivity and 
sputter yield.
The flux of electrons from the target surface makes a major 
contribution to the discharge currents in HiPIMS [34]. Owing 
to the fact that the work function of hafnium oxide is much less 
than the pure hafnium metal, the secondary electron emission 
coefficient of hafnium oxide is higher than that of metallic 
hafnium [35]. The higher coverage of oxide present on the 
target at shorter pulses giving rise to increased secondary elec-
tron emission explains the more rapid rate of increase in the 
discharge current observed during the short pulses in figure 2.
The peak discharge current at any particular time since its 
onset is always higher in poisoned mode (τP = 120 µs) than 
in quasi-metallic mode (τP = 200 µs), as shown in figure  2. 
Although a higher discharge peak current is observed from a 
Figure 7. (a) The Hf 4f high-resolution spectra of the HfO2 films 
overlapped for selected wavelengths are shown. Fitted peaks 
assigned to data from the films obtained with the τP of (b) 140 and 
(c) 200 µs are shown. Fits to the data from the film deposited with 
τP = 200 µs clearly show the presence of hafnium sub-oxides in the 
spectral envelope.
Figure 8. The refractive index (n) and the extinction coefficient (k) 
as a function of wavelength of the film deposited at τP = 140 µs. (b) 
The thickness of the HfO2 films (deposited for 75 min) as a function 
of τ  P (measured by ellipsometry and profilometry) and their optical 
bandgaps calculated as described in the text.
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target with oxide coverage, the deposition rate normalized to 
the target power averaged during current on time is low, due 
to the difference between the sputtering yield of an oxide cov-
ered target surface compared with a quasi-metallic one [36, 
37].
The increase as a function of τP in time lag between the 
application of voltage and the onset of target current observed 
in figure 3 is attributed to the lower secondary electron emis-
sion coefficient of the metal relative to the oxide. This is con-
sistent with the framing camera observations of the racetrack 
(figure 6) that show the appearance of significant light emis-
sion earlier (50–55 µs) for the shorter pulses (τP = 80 µs) com-
pared to that observed for longer pulses (110 µs and 135 µs 
for 140 µs and 200 µs pulses, respectively). The role of the 
secondary electron emission coefficient in determining the 
time lag is known [38] and has recently been confirmed in 
a computational study of the HiPIMS discharge [39]. The 
increased secondary electron coefficient from a heavily oxi-
dized target at shorter pulses also explains the peak in target 
current (figure 3) at τP = 120 µs. Evidence for etching of the 
oxide layer during the pulse is provided by the existence of 
the peak at intermediate τP rather than at longest τP as expected 
during operation with a constant oxide thickness [37].
The model explains the differences in the shape of the cur-
rent pulses received at the substrate during poisoned and quasi-
metallic mode operation. Since electrons travel faster than 
ions, the electrons released from the cathode will reach the 
substrate before ions released at the same time. An illustration 
of this for non-reactive HiPIMS is in the inset to figure 4(a) 
that shows a time correlation between the decrease in target 
current and the onset of net substrate ion current. In both reac-
tive and non-reactive HiPIMS discharges, the onset of the net 
substrate ion current occurs at the same time as the onset of 
a decrease in target current. This behaviour is consistent with 
the view that the arrival of electrons at the substrate precedes 
the arrival of the ions that were cogenerated at the target. The 
substrate potential starts to become more positive at this point 
in response to the net ion current.
In poisoned mode, there is a rapid increase in net electron 
substrate current after the application of voltage, arising from 
the high secondary electron emission coefficient. In quasi-
metallic mode (long pulses, figure  4(a)), the negative pulse 
is weaker and more extended, corresponding to the smaller 
secondary electron emission of the metal relative to the oxide.
The non-linear trend in peak substrate ion current as 
a function of τP (figure 4(b)) arises from the competition 
between two phenomena which govern the plasma density. 
The first is the rise in the target current due to positive feed-
back [39] as the pulse progresses, while the second is the 
decreasing secondary electron emission from the progressive 
erosion of the oxide on the target, as described in our model. 
The arrival of the net electron current at the substrate over 
the pulse duration amplifies the substrate bias by a factor 
of 8 (from  −15 V to  −120 V) for the longest pulse (200 µs) 
compared to less than threefold (−10 V to less than  −30 V) 
for the non-reactive deposition (figure 4(c)) consistent with 
the increased secondary electron emission coefficient of the 
oxide relative to the metal.
The chemical changes on the surface of the target racetrack 
proposed in our model also explain the properties of the films 
Figure 11. A schematic diagram of the evolution of the racetrack section of a target surface before and after the pulse in reactive HiPIMS 
operation. The top schematic shows the cross section through the target indicating the racetrack and the line along which the resistance 
measurements in figure 10 were taken. The set of diagrams directly below shows short pulse length (τP = 80 µs) operation and the lower 
set of diagrams shows long pulse length (τP = 200 µs) operation. At the beginning of each pulse, the oxide in the middle of the racetrack is 
thicker and is progressively removed, predominantly from the middle of the racetrack, during the pulse. For shorter pulses, the removal of 
oxide during the pulse is limited, allowing more oxide to remain on the target.
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deposited as a function of τP. In the oxide mode, the films 
are stoichiometric HfO2. When the quasi-metallic mode is 
entered during sufficiently long pulses (τ  P   ⩾  160 µs) the films 
contain suboxides of Hf (figure 7). Sub-stoichiometry in the 
films has detrimental consequences for their optical properties 
including reduced optical bandgap (figure 8(b)). Finally, the 
increased metal fraction in the films deposited at long τP leads 
to increased wettability (figure 9).
5. Conclusions
Reactive HiPIMS has been used to prepare optically trans-
parent stoichiometric amorphous HfO2 coatings. Films 
deposited with τP  ⩽  140 µs were stoichiometric HfO2, while 
increasingly sub-stoichiometric films were grown using longer 
pulses. Dense ionization zones or spokes that rotated around 
the racetrack on the Hf target, previously reported for non-
reactive HiPIMS, were observed during the reactive HiPIMS 
deposition of HfO2. Increasing the τP promoted higher propor-
tions of Hf ions in the HiPIMS discharge.
A model was presented for the reactive HiPIMS process 
in which the target is considered to be operated in a condi-
tion in which there is a distribution of oxide on the surface 
that depends on τP. During each pulse, the target surface and 
the plasma characteristics evolve to an extent determined by 
the τP. Our work shows that the length of the voltage pulses 
applied to the target in reactive HiPIMS is a convenient and 
effective parameter that can be used to control target poi-
soning without the need for feedback control.
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Appendix II: Optimizing HiPIMS pressure for deposition of high-k (k= 
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a  b  s  t  r a  c t
Stoichiometric  amorphous HfO2 films have  been deposited  by  reactive High Power  Impulse Magnetron
Sputtering  (HiPIMS)  from  a  Hf  target  in a  1:1  Ar:O2 atmosphere  at  pressures 2–4.5 mTorr. An optimum
pressure  was found for  depositing  smooth, high  refractive index  and  amorphous  films.  Stress  and refrac-
tive  index reached  a maximum  as  deposition pressure  was  increased  to 3.5 mTorr. At  3.5  mTorr,  HfO2 films
were  deposited  with  a refractive index  of  2.15  at  500  nm, low leakage  currents, moderate  fixed chargeeywords:
afnium oxide
igh dielectric
efractive index
iPIMS
eakage current
density and a high  dielectric constant of ∼18.3. The intensification  of  energetic  ion  bombardment  upon
the  film with  increase in HiPIMS pressure  plays a  dominant  role in film properties.  Increase  in pressure
above  the  optimum  relieved  the  stress  in the  films  and degraded  the  optical  and electrical  properties.
HiPIMS  pressure  enables to gain indirect  control  of  ion flux  and  energy in the  plasma  and can be  used to
modify  the  properties  of depositing  films.
© 2016  Elsevier  B.V.  All rights  reserved.. Introduction
Hafnium oxide is a  high dielectric constant material (k ≥ 16)
ith optical bandgap higher than 5.7 eV, band-offsets with Si
reater than 1.4 eV and possesses high thermal stability [1].  HfO2 is
 viable replacement for SiO2 as a  gate insulator in  complemen-
ary metal-oxide semiconductor (CMOS) transistors [2].  Its  high
efractive index [3,4] and high laser damage threshold [5] over a
road spectral range are beneficial for optical applications [6,7].  The
morphous form of the material (a-HfO2)  is generally preferred for
lectronic applications since it provides a  lower level of interface
efects and an isotropic dielectric constant. Importantly, it lacks the
arasitic conduction paths that occur at grain boundaries [2,8,9].
Atomic Layer Deposition (ALD) is  employed to deposit a-HfO2
or use in CMOS devices [10–12].  However, this process demands
igh deposition temperature and utilization of organic precursors,
aking it unsuitable for carbon-free coatings and coatings on sub-trates that require room temperature deposition. Recently, a-HfO2
lms with attractive electrical and optical properties have been
eposited using the energetic plasma flux from a Filtered Cathodic
∗ Corresponding authors.
E-mail addresses: david.mckenzie@sydney.edu.au (D.R. McKenzie),
arcela.bilek@sydney.edu.au (M.M.M.  Bilek).
ttp://dx.doi.org/10.1016/j.apsusc.2016.01.017
169-4332/© 2016 Elsevier B.V. All  rights reserved.Vacuum Arc (FCVA) at moderate growth temperatures [3].  Amor-
phous HfO2 deposited by FCVA has exhibited high density, low
leakage current when employed as an insulator in a  device, high
refractive index and a dielectric constant of 17 [3].  Amorphous HfO2
films have also been deposited by remote plasma sputtering pro-
cess (HiTUS) that exhibited a very high dielectric constant of  30
[13,14],  attributed to  local cubic bonding within the amorphous
matrix. These reports show the potential for energetic deposition to
produce high density HfO2 with excellent electronic/optical prop-
erties and motivate further investigations.
High power impulse magnetron sputtering (HiPIMS) is  a  form
of DC magnetron sputtering (DCMS), in which high power unipo-
lar pulses are applied to the cathode to create a  higher plasma
density and larger ionization fraction of sputtered atoms than
established in conventional DCMS [15–19].  Like DCMS, HiPIMS is  a
low-cost, scalable method capable of producing macroparticle free
films over large areas. However, due to its more energetic plasma,
films deposited by HiPIMS are typically more dense [20] than those
deposited by DCMS. In reactive operation, the HiPIMS process is
controllable with a hysteresis-free transition between metallic and
compound sputtering modes either by modulating pulse charac-
teristics [21,22] or by pulsed reactive gas flow control [7,23].
HiPIMS offers an attractive alternative to FCVA and HiTUS as it
may  prove more scalable for industrial applications. Very recently,
HiPIMS has been used to produce a-HfOxNy films for gate dielectric
R.  Ganesan et al. / Applied Surface S
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ion.
pplications [4]. The uniqueness of HiPIMS lies on the generation of
ery high ion flux and energy. A correlation between the properties
f the a-HfO2 film and the process parameter that influences the ion
ux & energy in HiPIMS is  not  yet investigated. Here we describe the
roduction by  HiPIMS of a-HfO2 films with high refractive index,
ow leakage current and high dielectric constant. The key to our
rocess is  the optimization of the pressure. We show process pres-
ure influences the degree of ionization and ion energy in HiPIMS
lasma and thus indirectly controls the film properties through the
nergetic bombardment of the film surface.
. Experimental methods
All experiments were carried out in  the vacuum deposition sys-
em (AJA International 1800 F) illustrated in Fig. 1 using a grounded
tainless steel chamber and ultra-high purity (99.9995%) O2 and
r at various pressures. An unbalanced magnetron gun equipped
ith magnets with surface field strength of 5 kG was  used. An ultra-
igh purity (99.9%) Hf target (American Elements) of 3 in. (75.6 mm)
iameter placed on the magnetron was energized by a  RUP7 pulsed
ower supply (GBS Electronik GmbH) delivering voltage pulses of
40 V with a  pulse length of 140 s at a  125 Hz repetition rate. The
-type Si (1 0 0) substrate was placed 23 cm away and 25◦ from the
arget normal. Each deposition cycle was carried out for 45 min  on
he substrate that was coupled to the capacitor of 900 F. No arc-
ng was observed during the deposition. The current and voltage
aveforms were also recorded by a  digital oscilloscope (Agilent
odel: DSOX-2014A). The power delivered per pulse to the target
as estimated from
on = 1
onAt
p∫
0
VtItdt (1)
here on is  calculated over the time when the target current has
on-zero value; P is  the total length of the pulse; At is the area
f the target (45.6 cm2) and Vt and It are the voltage and current
ecorded as a  function of time.
A current transformer has been used to measure the instanta-
eous net current at the substrate. The substrate was  connected to
he earth either directly or through a 900 F capacitor. This value
as chosen as a practical compromise between a  larger value which
ould have too long a  response time and a  smaller value which
ould allow excessive fluctuations in substrate bias during the HiP-MS  pulses [21]. The characteristics of the films reported here were
eposited on the substrate coupled to  the capacitor. The charge
ccumulated on the capacitor during the first few pulses induces
egative bias voltage “self-bias” in  the substrate. Time resolvedcience 365 (2016) 336–341 337
neutral atom (Hf I) and ion (Hf II) emission lines from the plasma
were recorded using a  spectrograph (Princeton Instruments; Acton
SpectraPro 2750) with a grating of 1200 lines/mm. An intensified
charge coupled device (ICCD) (Princeton Instruments; PI-MAX) was
attached to  the spectrometer to record the light signal from the
plasma in synchrony with the pulse generator triggering the HiP-
IMS power supply. The spectra were acquired at intervals of  5 s
with an exposure time of 200 ns. The data was accumulated for 100
pulses to improve the signal-to-noise ratio. The line ratio method
[18] was  used to  normalize the intensity of emission lines from Hf
I and Hf II  for each pressure against the rate constant and upper
level degeneracy. The emission intensities were also corrected for
the spectral response of the spectrometer. The same pulse triggered
a framing streak camera (Hamamatsu C4187) fitted with a  framing
unit (M4189) and a 35 mm Nikon lens used to image the localized
light intensity from the target plasma for a  selected time window of
the pulse. The images were taken at the end of the HiPIMS voltage
pulse with an exposure time of 50 ns. The thicknesses and opti-
cal properties of the films were determined using a  Cauchy model
with absorption to fit the ellipsometry data obtained from spec-
troscopic ellipsometer (2000D, JA Woollam & Co). Complementary
thickness measurements were also made using a  stylus profilo-
meter (KLA Tencor) with a  vertical resolution of 0.5 nm. The radius
of substrate curvature was  measured by an optical profilometer
(WYKO NT1100) on both sides of the sample (mirror polished and
unpolished) before and after film deposition. The stress was then
determined from the curvature using Stoney’s equation [24].
X-ray photoelectron spectroscopy (XPS) was  performed using
a Thermo Scientific K-Alpha spectrometer with an Al K source
(1486.7 eV) to  obtain the elemental composition on the surface.
The film sample was characterized under transmission electron
microscopy using a  JEOL 2200FS operated at an accelerating voltage
of 200 kV. X-ray diffraction (XRD) patterns of hafnium oxide films
deposited on silicon substrates were collected at angles between
20◦ and 60◦ using a  Bruker D4 Endeavour X-ray diffraction system
with a Cu K source. The samples were tilted to reduce the signal
strength from the Si wafer. Surface roughness measurements and
topographical images of the films were obtained using a  Dimension
3100 atomic force microscope (AFM) operating in tapping mode.
The 0.35 mm diameter electrical contacts for metal–
insulator–semiconductor (MIS) capacitor structures were formed
on the HfO2 sample from DCMS silver with a  thickness of 50 nm.
The leakage current was measured using an HP4155A parameter
analyser and the capacitance was measured at a frequency of
100 kHz using an HP4284A precision LCR meter.
3. Results and discussion
3.1. Optimization of Ar:O2 ratio
Prior to varying the total operating pressure of the system, the
Ar:O2 flow ratio was  determined on the basis of stoichiometry
and thickness. The influence of the Ar:O2 ratio at the pressure of
3.5 mTorr on the plasma characteristics, film thickness and compo-
sition is  shown in Fig. 2. In  pure argon, the HiPIMS plasma cannot
be ignited at the maximum operating voltage of 440 V, as a non-
poisoned (unoxidized) metallic target requires a  higher voltage
operation than the poisoned mode.
In pure oxygen, a very high density plasma forms but no films
are deposited due to the very poor sputtering yield of metals by
oxygen. The sputtering of metals by pure oxygen demands voltage
at much higher range than that of the one applied in  this set of
experiments [25].
The peak discharge current increases as a function of increas-
ing oxygen content owing to the increased emission of ion induced
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Fig. 3. The  pressure dependence of (a) deposition rate and compressive stress, (b)
refractive index and optical bandgap and (c) roughness and leakage current density
at  0.1  MV/cm measured for the films deposited on the substrate under “capaci-
tively coupled” conditions. The maximum in compressive stress coincides with the
maximum in refractive index and minimum in surface roughness.ig. 2. The peak target current, the deposition rate and the film composition (at%)
btained for a  range of Ar:O2 ratios at a system pressure of 3.5 mTorr. At low Ar in
he  sputtering gas, the target current is low, while at  low oxygen the deposition rate
ecreases dramatically.
econdary electrons (ISE) produced by  ions bombarding the target
oisoned by  oxidation [26].  The ISE emission from a  hafnium oxide
urface is  higher than that of the pure hafnium metal [27].  Although
he number of electrons in  the HiPIMS discharge increases with
ncreasing oxygen concentration, the number of sputtered metal
toms decreases. At the maximum operating voltage of 440 V the
ighest deposition rate was recorded for equal flow rates of argon
nd oxygen. At  3.5 mTorr, all the films deposited with an Ar/O2 flow
atio of less than or equal to 60:40 are stoichiometric (Fig. 2). At rel-
tively lower pressure (2.5 mTorr), an Ar/O2 flow ratio of 50:50 is
ecessary to  obtain stoichiometric films (not shown). In the fol-
owing experiments, a  1:1 Ar/O2 ratio was used to  maintain the
lm stoichiometry for all pressure conditions.
.2. Film properties
Fig. 3 shows the deposition rate, compressive stress, refractive
ndex, optical bandgap, roughness and leakage current density as a
unction of the pressure during deposition. The compressive stress
aximum coincides with the maximum in  refractive index and
he minimum in  surface roughness. The optical bandgap begins
o decrease strongly at the same pressure. The coincidence of the
ompressive stress maximum with turning points in  the important
hysical properties is a  key finding of this work.
The highest refractive index at  =  500 nm was obtained from the
lm deposited at 3.5 mTorr. Over the entire range of pressures, the
efractive index of the films varies according to a trend similar to
hat observed in the compressive stress. A  maximum in refractive
ndex and compressive stress for the film deposited at 3.5 mTorr can
e correlated with high film density [28,29].  The optical bandgap,
stimated from the extinction coefficient using Tauc’s method [30],
s also shown in Fig. 3(b). The extinction coefficient for all the films
s less than 5 × 10−5 at 500 nm.  Such low values of extinction coef-
cient confirm the stoichiometric nature of the films. The optical
andgap is  relatively independent of pressure for films deposited
ith pressure <3.5 mTorr. Above this pressure, it falls to  slightly
ower values.
The films deposited at pressures ranging from 2 to  4.5 mTorr
xhibit only a diffuse reflection peak centred at 32◦,  attributed to
he amorphous structure of HfO2 (Fig. 4). The inset shows trans-
ission electron microscope (TEM) images of HfO2 films deposited
t the operating pressure of 3.5 mTorr. The films deposited at all
ressures (2.0–4.5 mTorr) were amorphous..3. Current and voltage waveforms
Current-time waveforms measured during deposition as a  func-
ion of pressure are shown in  Fig. 5(b). Increasing pressure reducesFig. 4. The X-ray diffraction pattern showing the diffuse diffraction peak charac-
teristic of an  amorphous structure. The high-resolution TEM image is  given in the
inset.
the delay between current onset and the application of the voltage
pulse, while the peak instantaneous current increases. Reductions
in the delay onset time in  reactive HiPIMS have been attributed
to  changes in secondary electron coefficient of the target surface
[26,31].  The net substrate current for two different bias conditions,
earthed substrate (Fig. 5(c)) and capacitively coupled substrate
(Fig. 5(d)) has been presented. Earthing of the substrate results in  a
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Fig. 5.  (a) Voltage waveform recorded at  3.5  mTorr. (b) Target current recorded for
each pressure. (c) Net current when the substrate is earthed. (d) Net  current collected
at  the substrate, while the substrate is  self-biased to  the negative potential. A large
fraction of electrons are expelled by the negatively self-biased substrate significantly
reduces substrate heating.
Table 1
The self-bias potential developed at the  capacitively coupled substrate and aver-
age power density (from Eq. (1))  at the Hf target during reactive HiPIMS at various
pressures.
Pressure (mTorr) Self-bias (V) Aver. power density (W/cm2)
2 −15.5 143
2.5  −16.3 171
3  −17.8 221
3.5  −24 261
4  −27 317
4.5  −29 355
much larger negative current arising from electron bombardment.
A net positive current occurs after the pulse has been terminated,
arising from ion bombardment.
Table 1 shows the negative potential developed by the capac-
itively coupled substrate as a  function of pressure. This negative
“self-bias” repels electrons arriving from the plasma, reducing the
negative substrate current (see Fig. 5(d)) and therefore substrate
heating. The growth temperatures employed in  this work (from
∼42 ◦C at 2.0 mTorr to  51 ◦C at 4.5 mTorr measured by  a  thermo-
couple) is far lower than the crystallization temperature of  HfO2
(500 ◦C) [2],  which is a very likely explanation for the amorphous
nature of the films. Although the substrate temperature may  be up
to 100 ◦C higher than that measured by the thermocouple [32],  it
is certainly below the HfO2 crystallization temperature. The “self-
bias” increases with increasing pressure (Table 1), also contributes
to the energetic ion bombardment upon the substrate. The energy
bombardment plays a prominent role in formation of depositing
film and its properties [33].
At higher oxygen pressures, an increased number of  negative
oxygen ions O− originate from the target [34] and possess very
high energy after crossing the cathode sheath [35]. Since these
high energy negative O− ions are the precursor for O+ by  electron
impact ionization, the energy range of positive oxygen ions O+ is
also expected to be extended to very high values [36,37].  The pos-
itive ions O+ also gain energy in  the substrate sheath [38] while
reaching the film surface. However, owing to the reduced mean
free path at higher pressures, the ions lose their energy by  scat-
tering. The combination of these effects is a likely explanation for
the observed increase and then decrease in the film’s compressive
stress with pressure [33].  The compressive stress measured in  the
films can be correlated with the average energy of ions arriving at
the substrate at different pressures. As the energy increases, the
film stress is also expected to increase to  a maximum value and
any further increase in  ion energy induces stress relaxation [39].
The net effect is an optimum pressure where the maximum com-
pressive stress occurs; 3.5 mTorr here. The power density at the
target during the time when the target current is non-zero is  also
shown in  Table 1 and determines the sputtering rate. This power
density increases with pressure, resulting in increased deposition
rate (Fig. 3(a)). The deposition rate obtained in this experiment is
lower than the value (0.08 nm/s) obtained in DCMS for the same
Ar/O2 ratio [40] however the target to substrate distance in our
experiment was much larger (22 cm)  compared to 4.1 cm for the
DCMS experiments. The values of refractive index (Fig. 3(b)) are
higher than that obtained in  DCMS (1.84).
3.4. Optical emission studies
We  now explain the observed maximum in  compressive stress
in terms of the ion bombardment of the growth surface. In HiPIMS
plasmas, the combination of high plasma density and the superpo-
sition of electric and magnetic fields results in the reorganization
of dense ionization zones on the target. These ionization zones
were imaged on the Hf target surface and observed to intensify and
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Fig. 6. Images of the HiPIMS target discharge recorded at 140 s after the application
the voltage pulse in pressures of (a)  2.5 mTorr (b) 3.5 mTorr and (c) 4.5 mTorr.
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Fig. 8. (a)  The  current-leakage characteristics of HiPIMS HfO2 films deposited atig. 7. The OES emission lines of Hafnium neutral (Hf I) and Hafnium ion (Hf II)
ecorded at four different pressures.
longate along the target ‘racetrack’ with increasing plasma cur-
ent and pressure (Fig. 6(a)–(c)). The localized light emission from
he dense plasma zones has been correlated with ion production
n the plasma [41].  Enhancement in  the intensity of light emission
s a function of pressure corresponds to  the increasing degree of
onization above the cathode surface.
The emergence of light from Hafnium neutral lines Hf I (at
17.43 nm)  occurs earlier in the pulse than the light from Hafnium
ons Hf II  (409.31 nm)  at all pressures (see Fig. 7). At pressures
3 mTorr, the Hf I line is more than intense than the Hf II line
hroughout the pulse, while at pressures ≥3.5 mTorr, the Hf II line
s more intense later in  the discharge. The intensity of the Hf II
xceeds that of the Hf I  line at 120 s at 3.5 mTorr and at 90 s at
.5 mTorr. The large ion current during the pulses is due to the high
ensity plasma formed by  the high current discharge.
.5. Electrical characteristics
The through-film current leakage of the films varied with
he deposition pressure (Figs. 3(c) and 8(a)). The lowest leakage
urrent density (5.0 A/cm2 at 0.1 MV/cm) was achieved in  the
lm deposited at 3.5 mTorr. Increasing the pressure to 4.5 mTorr
esulted in a  very high leakage current density (3.9 mA/cm2 at
.1 MV/cm).Capacitance-voltage measurements performed on the film
eposited at 3.5 mTorr (Fig. 8(b)) were used to calculate a  dielec-
ric constant (k) of ∼18.3. In this calculation, it was assumed that
n interfacial layer (determined by  TEM to be of thickness 3.2 nm)different  pressures and (b) the capacitance–voltage characteristics of the HfO2 film
deposited at 3.5 mTorr.
consisted of SiO2 with k  =  3.9 that the effective work function of
the Ag contacts was 4.26 eV [20].  Interfacial SiO2 layers typically
grow beneath HfO2 during deposition. This is generally not con-
sidered deleterious as SiO2 is  known to promote higher channel
carrier mobility [42] and improve reliability through reduced inter-
face state density [43].  The effective oxide charge (Qeff)  and the
effective oxide charge density (Neff)  were both estimated from the
flat band voltage shift, VFB =  0.49 V, and were 1.96 ×  10−7 C and
1.22 ×  1012 cm−2,  respectively.
4. Conclusion
HfO2 films have been deposited by HiPIMS. The operating pres-
sure influences the plasma density and the degree of ionization.
The plasma density and the self-generated substrate bias deter-
mine the flux and the energy of the net (electron and ion) current
at the substrate. By choosing the appropriate deposition pressure
and thus controlling the flux and energy of ions impacting on the
films surface, stoichiometric a-HfO2 films with excellent optical
and electronic properties were produced. The technique is  sim-
ple to implement and scalable for high-throughput and large-area
applications.
In summary, we have shown that sputtering gas pressure is
an important parameter in determining the optical and electrical
properties of HiPIMS HfO2 films. The refractive index and dielectric
constant reach a  maximum at a pressure of 3.5 mTorr, while the
leakage current reaches a  minimum at this pressure. The compres-
sive stress shows a  maximum at the same pressure.
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